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FOREWORD 


Just prior to the entry of the Umted States into the Second World War, 
the Massachusetts Institute of Technology, in cooperation with the 
Armed Services, established a Radar School at M.I.T. for the purpose 
of training selected groups of Army and Navy officers in the principles 
and techniques of radar. ‘Throughout the war years, the School provided 
full-time programs of instruction in the basic principles of radar and in 
the operating features of specific radar sets. After the war, the Radar 
School continued to operate for approximately three years as a United 
States Naval School, Electronics Engineering, for selected Naval officers 
studying to become electronics specialists. Since discontinuance of the 
School in 1949, a limited program of instruction in radar has been offered 
at M.I.T. in the form of a fourth-year elective subject in electrical 
engineering. 

Soon after the establishment of the Radar School in 1941, preparation 
of the first edition of Principles of Radar was undertaken to provide a 
reference text for use in the program of study. ‘The various chapters 
were written, for the most part, by members of the Radar School lecture 
staff and followed approximately the content and presentation of the 
lectures on basic radar principles. The book was first issued to Radar 
School students as a classified document in September, 1944. 

Because of the rapid advances being made in the field of radar at the 
time, it was decided to begin a revision of the book almost immediately. 
The primary objectives of this revision were to improve the clarity of the 
presentations and to bring the book up to date. A complete reorganiza- 
tion of the subject matter was also considered advisable in order to obtain 
a more unified treatment, but this plan was fulfilled only in part because of 
the urgent need for the revised edition. The order of chapters established 
in the first edition was preserved, but several chapters were rewritten 
principally to bring about better integration between parts of the book. 
The revised edition was prepared from material provided by a group of 
Radar School staff members. The manuscript was completed almost 
coincidently with the termination of the war, and clearance to release 
the material for general publication was obtained toward the end of 1946. 

The extensive revision originally considered for the second edition has 
been carried out in the present volume. ‘This new edition, prepared by 
Prof. J. F. Reintjes and Prof. G. T. Coate of the Department of [lec- 
trical Engineering, M.I.T., benefits by the efforts of the many persons 
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who contributed in one way or another to the earlier volumes. Prepa- 
ration of the manuscripts for the first and second editions was carried 
out under the supervision of the Curriculum Committee of the Radar 
School, of which W. H. Radford was chairman. Other members of the 
Committee who were active in this matter were: J. M. Henry, W. J. 
Jackson, H. C. Kendall, and H. J. Zimmermann. 

Principal contributors to the first edition were: W. L. Barrow (Radar 
School Director, 1941-1943), J. C. Batchelor, A, Coale, G. T. Coate, 
A. F. Coleman, E. W. Cowan, Jr., M. Eager, 8S. K. Haynes, A. H. Howell, 
Jr.. E. W. Kimbark (Editor), J. P. LaSalle, R. D. Spence, and R. L. 
Wooley. 

Principal contributors to the second edition were: G. E. Bowler, 
G. T. Coate (Assistant Editor), W. P. Cunningham, M. Eager, M. W. 
Essigmann, L. W. Evans, R. A. Galbraith, 8. IX. Haynes, E. W. Keller, 
R. L. Mattingly, M. 8. Mcllroy, J. F. Reintjes (Editor), A. Sheingold, 
R. D. Spence, J. N. Steele, M. A. Townsend, and H. J. Zimmermann. 

In addition to the above contributors many other Radar School staff 
members rendered valuable assistance by reviewing, criticizing, and 
rewriting portions of the manuscripts. Acknowledgment of the work 
of all who participated in the project is hereby made, and thanks are 
expressed for their efforts. 

Carlton KH. Tucker, Executive Officer 
Department of Electrical Engineering 
Massachusetts Institute of Technology 


CAMBRIDGE, MAss. 
May, 1952 


PREFACE 


This votume, like the two preceding editions, deals with the basic 
principles of pulse radar. Tt differs from the other editions, however, m 
a number of ways. The order of presentation of the subject matter 
has been completely reorganized, and nearly all the material has been 
rewritten to mtroduce improved techniques of presentation and to bring 
about better continuity of articles and chapters. The subject matter 
has also been expanded by approximately twenty per cent, and more 
than half of the illustrations are new. 

Lhe book is mtended primarily for those interested in the basic concepts 
and techniques of radar. A good deal of the material has been made 
sufficiently general, however, to render it) useful to those working in 
other fields employing similar techniques. For most efficient use of the 
book, the reader should have prior knowledge of vacuum-tube behavior 
and the basic principles of direct- and alternating-current circuits. 
Ability to carry out simple differentiation and integration is also assumed. 

In the frequency domain, radar components divide themselves nat- 
urally into low-frequency and high-frequency groups, and it is on this 
basis that the subject matter 1s organized. Thus the fore part of the 
book, which meludes the first six chapters, pertains, in general, to pulse 
circuits and their appleation to radar modulators, indicators, and 
receivers. Synchro and servomechanism control circuits are also worked 
into their logical place in this section. The latter part of the book is 
devoted to the radio-frequency aspects of radar. Basic concepts are 
developed in the chapters on transmission lines, waveguides, and resonant 
cavities, and the techniques of their employment in radar are presented 
in the remaining chapters. 

It 1s recognized that the concepts presented in a number of articles 
evolved, either directly or indirectly, from the ideas and thoughts of con- 
tributors to other editions of the book. Acknowledgment of the influence 
of these contributors on the present manuscript is gratefully made. Some 
of the material from the preceding edition has also been retained essen- 
tially intact. In this category is the chapter on propagation, which was 
originally written for the second edition by Prof. Henry J. Zimmermann 
of the Department of Electrical Engineering, M.I.T. 

In carrying out the project, the authors received the support and 
encouragement of Dean Harold L. Hazen, and of Prof. Carlton EK. Tucker, 
Executive Ofhcer of the Department of Flectrical engineering and 
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Director of the Radar School from 1943 to 1949. Professor William H. 
Radford also took an active part in guiding the project to completion, 
and Prof. Marcy Eager rendered valuable assistance through his criti- 
cisms and proofreading of the manuscript. The cooperation received 
from Frederick G. Fassett, Jr. and Prof. Gordon 8. Brown of the Tech- 
nology Press is gratefully acknowledged. 

Most of the new illustrations were prepared by the M.I.T. Dlustration 
Service. Appreciation is expressed to everyone in this group who par- 
ticipated in the project, and in particular to Gloria B. Wiliams who was 
primarily reponsible for the work. Appreciation is also expressed to 
Dorothy Young who typed nearly all the manuscript and assisted in 
the editing. Thanks are extended to the General Electric Company, 
Radio Corporation of America, and the Bell Telephone Laboratories for 
their cooperation in supplying photographs. 

J. Francis Reinyes 
Godfrey T. Coate 


CAMBRIDGE, Mass. 
May, 1952 
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CHAPTER I 
PULSED RADAR 


The word radar, formed from the italicized letters in radio detection 
and ranging, signifies a means of employing radio waves to detect and 
locate material objects. Loeation of an object 1s accomphshed by deter- 
mining the distance and direction from the radar equipment to the object 
and requires, in general, the measurement of three coordinates—usually 
range and angles of azimuth and elevation. 

Radar detection depends upon the reflection of radio waves from an 
object. Aradarset may be compared with a searchhght and an observer 
stationed beside the light. A small portion of the hght wave from the 
searchlight strikes an object near by and is reflected. A fraction of the 
reflected wave returns to the observer and indicates the presence of the 
object. Similarly, a little of the energy of the radio wave transmitted 
from the radar set travels to the object, a portion is reflected, and some of 
the reflected energy returns to the radar set, where it is detected. Advan- 
tages of radar over detection systems employing light are: 

1. Radar operates over greater ranges —aircraft can be detected more 
than 100 miles away. 

2. Radar operates in any weather, through smoke, fog, rain, or snow, 
or directly into bhndimg sun. 

3. Radar determines range simply and accurately by measuring the 
time required for the two-way trip of the radio wave. 

Another feature of radar, which isan advantage 1n wartime applications, 
is that radio waves are invisible. Thus the enemy must have special 
equipment in order to discover that a radar set is searching for him. 

The reflected waves—called radio echoes because of the analogy to 
sound echoes—enable radar sets to perform a variety of tasks. Apphed 
first in wartime, radar searched the sea for enemy ships and surfaced 
submarines and kept watch in the sky for aircraft. Radar aided air and 
sea navigation and directed fighter and bomber aircraft. Radar informa- 
tion was used to aim large guns and antiaircraft weapons, and air-borne 
radar controlled the dropping of bombs. In peacetime, radar and allied 
techniques contribute greatly to the safety of air and sea travel. Radar- 
equipped ships move through fog without danger of colliding with other 
ships or with ice floes. Despite weatlrer conditions of poor visibility, air- 
craft can be prevented from colliding in mid-air, and the capacity of air 
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fields can be greatly increased by radar traffic-control and landing sys- 
tems. Anexample of a very different application of radar is the tracking 
of balloons sent aloft to gather meteorological data. 

Most of the circuits, devices, and principles of operation found in radar 
equipment have wide application 1n nearly every kind of electronic equip- 
ment. Many techniques used in radar are doubly important because 
they appear also, for example, 1n television, in pulse-time communication 
systems, 1n industrial electronic devices, in equipment for measuring the 
height of the ionosphere, and in high-speed computing machmes. 

1. Radar Determination of Range. A number of different methods 
have been used to determine the range of objects that reflect radio waves. 
Two transmitter-receiver sets separated a considerable distance can be 
used for triangulation, as in optical ranging, but the method 1s cumber- 
some, and the required angular accuracy is hard to obtain with radio 
waves. Better methods time the interval required for the radio wave to 
make the trip from radar set to object and back. Because the speed of 
propagation of radio waves is known with great accuracy, range can be 
determined as accurately as the time interval can be measured. In one 
scheme, the frequency of a transmitter is changed at a constant rate and 
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Fic. 1. Elementary radar set. 


the distance to the reflecting object determined from the frequency differ- 
ence between the echo and the wave being transmitted at the time the 
echo returns.'. By far the most important range-measuring method, 
which probably had its origin in the measurements of height of the iono- 
sphere,? employs a transmitter that operates in bursts of very short dura- 
tion and measures range m terms of the time interval between transmis- 
sion of a pulse and reception of an echo pulse.2 So important is pulsed 


Pie Worurrand 1)..G Caluer a of Frequency-modulated Radar,’ RCA 
Rev., 9 (March, 1948), 50-75. 

2 For a historical background of radar ‘and bibliography, see HENRY GUERLAC, 
“The Radio Background of Radar,” J.F.1., 250 (October, 1950), 285-308. 

3 ‘The pulse-echo principle is employed in many other devices for the measurement 
of range. One important example is sonar equipment, which utilizes underwater 
pulses of sound. See R. J. Evans, ‘Echo-ranging Sonar,” Electronics, 19 (August, 
1946), 88-93. 
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radar that it is usually implied by the word radar, and it alone 1s the sub- 
ject of this book. 

The basic principle of pulsed radar is illustrated by the block diagram 
of an elementary radar set in Fig. 1. This set comprises a transmitter and 
antenna arranged to send out radio 
waves in a series of short pulses, an 
antenna and receiver for deteeting the 
echo pulses that return, and an and?- 
cator. The indicator includes a cath- 
ode-ray tube, and distances on the 
screen of this tube are proportional to 
the time interval between transmitted 
and echo pulses and thus to the range 
of the object. A photograph of one 
of the simplest radar sets appears 1n 
Fig. 2. 

The transmitter of ig. 1 supplies 
radio-frequency energy i pulses of 
high power but brief duration to the 
transmitting antenna. The wave- 
form of the transmitter output voltage 
is therefore as indicated in Fig. 34. 
During a short time interval, the 
transmitter produces a sinusoidal volt- 
age wave of extremely high frequency 
—say 3,000 Meps  (3,000,000,000 
evcles per second)—indicated by the 
closely spaced lines in Fig. 8A. Dur- 
ing the remainder of the time, the [| 
transmitter is quiescent. Thetimeof Fic. 2. Example of a low-power light- 

weight radar set (the SN). The SN is 
operation of the transmitter, called 41 Garly-model shipboard set and was 
the pulse duration T, varies from one _ used for search purposes in emergencies. 
radar set to another, but a typical Ut? mes pat nS eae 


: gle antenna for both transmission and 
value for itis | us (one microsecond, reception. The unit beneath the an- 


aaa - . tenna contains transmitter, receiver, and 
or one-mellionth of a second). The indicator circuits. The radio frequency 


total time required for the completion — is approximately 2,500 Meps, the pulse 
of a eycle of events in the radar sys- {rion is 1s the repetition frequency 
tem—the pulse duration plus the time 3 kw. (Courtesy of General Electric 
between pulses, during which echoes eommany:) 

may be received—is called the repetition period T,. The reciprocal of 
T, is the repetition frequency f,, or number of repetitions of the cycle of 
events that occurs in one second. A,typical value of 7’, is 2,000 us, and 


the corresponding value of f, is 500 cps. Note that the transmitted 
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pulse lasts for only a tiny fraction of the repetition period—so small a 
fraction, indeed, that it is impossible to draw the pulse to correct time 
scale in Fig. 3A. The ratio of pulse duration to repetition period is 
called the duty ratio of the transmitter. Tor the typical values of 7 
and 7’, assumed, the duty ratio 1s 0.0005. 


a (A) TRANSMITTER OUTPUT VOLTAGE 


| ECHO PULSE I 


I (C) RECEIVER OUTPUT VOLTAGE 


(D) SYNCHRONIZING VOLTAGE 





(E) SWEEP VOLTAGE 
kie. 3. Waveforms showing time relations in elementary radar set. 


The transmitter is required to produce a tremendous burst of power 
during its brief period of operation. The energy of the transmitted pulse 
must be large in order that the minute part of it returned in the echo may 
be detectable.' Because the pulse is very short, extremely large trans- 
mitter power is required to produce a pulse of sufficient energy. A 
typical value of power produced during the pulse, called the peak power of 
the transmitter, is 100 kw. Because the duty ratio is small, the aver- 
age power output of the transmitter is not large, despite the high peak 
power. ; 


The discussion in Art. 4 indicates that the ease of detecting the presence of echo 
pulses of different lengths depends on the energies of the pulses rather than on the 
peak powers of the pulses. 
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Because 
Average power ae 
——— me DOMET _ — = duty ratio (1) 
Peak power i: 


theaverage power corresponding to the values assumed 1s 0.0005 XK 100 kw, 
or 50 watts. 

Radio waves that travel from the transmitting antenna to the reflecting 
object and back to the radar set generate a radio-frequency voltage in the 
receiving antenna. If only a single small object reflects the waves, 
therefore, the waveform of reeeiver input voltage is as in lig. 36. The 
time required for the two-way trip of the waves 1s called Af. Voltage 
amplitudes in Figs. 3:4 and B should not be compared; the echo pulse 
would be completely invisible if the two figures were drawn to the same 
scale. The transmitted-pulse power is of the order of 100 kw, but the 
peak power of the echo pulse may be less than 1 puw (0.000,000,000,001 
watt). The function of the receiver is to amplify this tiny pulse to usable 
size and to detect it, that is, to produce a direct voltage that varies in 
magnitude in accordance with the envelope of the radio-frequency echo 
pulse. The receiver output is therefore a pulse of direct voltage, called 
a video pulse, as indicated in Fig. 3C. 

The time interval A¢ in Fig. 3 is equal to the time required for a radio 
wave to travel from the radar set to the object detected and back. If r 
denotes the distance from set to object and ¢ the speed of hight (which, for 
practical purposes, equals the speed of propagation of radio waves in air), 
the time required for the two-way trip is Af = 27r/c and the range is 


ey (2) 


This fixed proportional relation between range and the delay time of the 
echo pulse is the basis of range measurement by radar. 

Conversions between time intervals and ranges are so frequently 
required in the study of radar that a list of values of 2/c and c/2 
for several convenient units of length is useful. From the value of 
c, 2.998 & 108m per sec, or 186,000 miles per sec, the constants in ‘Table 1 
are calculated.! Persons working constantly with radar find it con- 
venient to remember the italicized numbers in this table. 

Though long relative to the pulse duration, the time interval Af is much 
too short to be measured by mechanical means. If, for example, the 


| The speed of radio waves in air is about 2.985 X 108 m per sec, slightly less than 
the speed of light in vacuum. See R. C. Cotweii, H. Arwoop, J. Ik. Barty, and 
C. O. Marsn, ‘The Velocity of Radio Waves over Short Paths,” Proc. [.R.E., 30 
(1942), 129-131. Nevertheless, the figures of Table 1 based on the speed in vacuum 
are the ones commonly employed. Actual determination of range by radar always 
depends on a direct calibration of the range. circuits of the set, so that knowledge of 
the exact speed of the waves ts not rmportant. 
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TaBLE 1. RaANGE-TIME ConvERSION Factors 


c/2 Ze 
0.0810 nautical miles per ys 12.36 uS per nautical mile 
0.0931 statute miles per us 10.74 uS per statute miles 
0.164 thousand yd per us 6.10 us per thousand yd 
492 ft per us 0.002035 us per ft 


range of an object is 50 statute miles, A¢ is only 50 X 10.74 = 537 
millionths of a second. To measure this short time, the radar indicator 
employs electronic circuits, and the results of the measurement are 
presented on the screen of a cathode-ray tube. In the simplest scheme, 
the receiver output voltage is applied to one pair of deflecting plates in 
the cathode-ray tube to cause a vertical motion of the spot on the screen, 
and a saw-tooth sweep voltage is applied to the other pair of plates to cause 
horizontal motion of the spot. The appearance of the indicator tube 1s 
Ulustrated in Fig. 4. The approximate range of the object from which 
each echo signal is obtained can be read from a scale engraved on a trans- 
parent screen placed over the face of the tube. 

Voltages required to produce the presentation of F ig. 4 are shown in 
Figs. 3D and EF. The indicator receives a synchronizing voltage from the 


FACE OF 
CATHODE-RAY TUBE 


SCALE OF MILES 


VERTICAL DEFLECTION 
CAUSED BY RECEIVER | | 1 | \ 2 
OUTPUT VOLTAGE 
ENGRAVED ON 


O59 BN 2 Sur 4 eo 6167 weg ONO TRANSPARENT OVERLAY 


I 
HORIZONTAL DEFLECTION CAUSED 
BY SWEEP VOLTAGE 


Fig. 4. General appearance of simple indicator screen. 


transmitter. This voltage is a video pulse occurring at the same instant 
as the radio-frequency transmitted pulse. The leading edge of the 
synchronizing pulse marks the begin ung of the time interval to be 
measured, and the leading edge of the ‘echo pulse marks the end of the 
interval. The time at which the saw-tooth sweep voltage (Fig. 3£) 
begins is, therefore, controlled by the leading edge of the synchronizing 
pulse. The value of the sweep voltage at the starting instant is chosen so 
that the indicator spot is deflected nearly to the left-hand edge of the 
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indicator sereen. After the first instant, the sweep voltage rises at a 
constant rate and the spot moves across the screen at constant speed. 
The rate of rise of sweep voltage is adjusted so that the spot 1s nearly at 
the right-hand edge of the screen at the end of a time interval At,,,, cor- 
responding to the maximum range at which objects are to be located. 
After the end of the sweep interval, the sweep voltage returns to 1ts Initial 
‘alue and the spot moves back to the left-hand side of the screen, in 
preparation for the next evcle of operation. The pattern of Ing. 4 1s 
produced during the sweep interval, because vertical motion resulting 
from the reeciver output voltage is superimposed on the left-to-right 
sweep motion, resulting in pips corresponding to the echoes from various 
objects. Because the sweep speed is constant, horizontal distances on 
the indicator screen are proportional to delay times of the echoes and 
therefore to range. Thus the range scale engraved on the overlay 1s 
linear. 

The pips in lig. 4 might be expected to indicate, by their lengths along 
the range scale, the extent in range of the objects that cause them. — If the 
transmitted pulse were of negligible duration, this expectation would be 
realized. However, because the transmitted-pulse duration 1s greater 
than zero, the apparent extent of each object is increased by the range 
equivalent of the pulse duration—even the smallest object cannot return 
a pulse of shorter duration than the transmitted pulse. Thus, with a 
l-us pulse, an object extending 1,000 ft in range causes an echo pip 
covering about 1,500 ft on the range scale, and if two objects are separated 
by less than 500 ft, their echo pulses run together and the radar set can- 
not show them separately. The ability to separate objects that are close 
together is called resolution. The range resolution of a radar set is deter- 
mined by the duration of the transmitted pulse. Need for good resolu- 
tion is the principal reason why such short transmitted pulses are used in 
radar. 

92. Radar Direction Indication. ‘The description of an elementary 
radar set in Art. 1 explains a method of measuring range but does not 
discuss the equally important measurement of dzrectton angles. _Measure- 
ment of angles by radar depends upon the use of highly dzrectronal 
antennas—transmitting antennas that send out radio waves m a narrow 
beam and receiving antennas that respond most strongly to waves arriv- 
ing from one particular direction. 

If the transmitting antenna is directional, azimuth and elevation 
angles of an object may be determined by orienting the antenna so that 
maximum radio-wave illumination is received by the object—just as a 
searchhght may be turned until the brightest part of its beam strikes the 
object. Maximum radio-wave illumination 1s indicated by the reception 
of the strongest echo pulses, and the object direction can be determined 
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from the corresponding antenna orientation. If the receiving antenna is 
directional, 1t may be turned until the largest echo pulse is received from 
the object. Azimuth and elevation angles are then indicated by the 
recelving-antenna orientation. 

If both antennas are directional, and if the two antennas are turned as 
a unit so that the direction of maximum radiation is always the same as 
the direction of best reception, then the orientation of the two-antenna 
unit becomes an indicator of direction. Use of two directional antennas 
in this way improves the accuracy of angle measurement, because a slight 
shift of the antennas from the correct position has a double effect in 
reducing the amplitude of the pulse observed: the antennas ean therefore 
be positioned more accurately. 
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Kia. 5. Example of a 10-cm radar antenna. The reflector is 29 in. in diameter. The 
beam angle is 10 deg. (Courtesy of Bell Telephone Laboratories.) 


ie 

Photographs of two directional radar alitennas appear in Figs. 5 and 6. 
The antenna of Fig. 5 resembles somewhat in appearance and principle 
of operation the ordinary reflector-type searchlight. The antenna feed in 
Vig. 5 is a relatively nondirectional source of radio waves and corresponds 
to the arc in a searchlight. The reflector is a paraboloid of revolution 
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and, like the reflector of a searchlight, focuses the waves into a narrow 
beam. Antennas of this type are widely used in radar, especially at 
frequencies above 1,000 Meps. At lower frequencies, antennas of 
the type illustrated in Fig. 6 are sometimes used. These antennas 
resemble antenna arrays emploved at. still lower frequencies in radio 
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Fic. 6. Example of an antenna for a 200-Mceps radar set. The horizont: ul beam angle is 
20 deg, and the vertical beam angle is 60 deg. (Courtesy of General Electric Company.) 

Despite the resemblance of the antenna of Fig. 5 to a searchlight, radio 
waves, because of their longer wavelength, are much more difficult to 
confine to narrow beams than are light waves. In a searchlight, the 
narrowness of the beam is limited almost entirely by the size of the source 
of light and the geometrical perfection of the reflector surtace. Even if a 
radar antenna could be built with a feed that operated as a poimt source 
and a perfectly paraboloidal reflector, the beam of radio waves produced 
might still be very wide. Because of diffraction effects, a narrow beam 
can be produced only if the dimensions of the antenna are large relative to the 
length of the radio waves.' Therefore, to obtain narrow beams and 
accurate direction determination, either the antenna must be very large 
or the wavelength of the radar set must be very short. 

In order to obtain the greatest accuracy in determining direction angles, 
radar sets commonly employ directional antennas for both transmission 
and reception. To avoid the serious mechanical problems associated 
with using two large antennas and rotating them so that axes remain 


1 This principle is stated more accurately and explained more fully in Art. 13, Chap. 
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wccurately aligned, means have been developed for employing only one 
antenna and using it for both transmission and reception. The direc- 
tivity of the antenna is thus used twice, and the axes of maximum radia- 
tion and maximum sensitivity of reception are automatically aligned, 
provided the antenna is not moved appreciably during the time interval 
between transmission of a pulse and reception of the echoes (an interval 
usually less than 1/500 sec). 

The use of a single antenna for both transmission and reception in 
nearly all radar sets is made possible by a transmit-receive device (abbrevi- 
ated t-r device) connected as in Fig. 7. The t-r device functions as a 
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Fic. 7. Radar set employing single antenna for both transmission and reception. 


switch (see Arts. 10 to 14, Chap. XII) to connect the antenna to the 
transmitter during the pulse and to the receiver during the remainder of 
the repetition period. The t-r device is also called a duplexer and 
recewer-protective device. The last name is applied because the device 
must protect the sensitive input circuit of the receiver by limiting to a 
small value the portion of the transmitted power that reaches the receiver. 
Figure 7 differs from the elementary block diagram of Ing. | not only 
because a single antenna and a t-r device are indicated but also because a 
connection from antenna to indicator is shown. This connection pro- 
vides antenna-orientation data at the indicator, so that the operator mav 
know the direction as well as the range of objects corresponding to the 
pulses he sees. 

The narrowness of the antenna beam is important because it deter- 
mines the accuracy with which the radar set can measure azimuth and 
elevation angles. It is important also because it determines the angular 
resolution of the radar set, exactly as pulse duration determines the range 
resolution. The apparent angular extent of any object is increased by 
the width of the antenna beam, and abjects separated by less than the 
width of the beam appear to the radar operator as a single object. 

Figure 8 is a pictorial representation of the radiation from a dir ectional 
antenna. As the waves travel outward from the antenna, wavefronts 
form spherical surfaces that expand radially. The total power trans- 
mitted by the antenna is distributed over the spherical surface of a wave- 
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front, but because the antenna is directional, the distribution of power 
over the surface is not uniform, The power density (power per unit area 
of the wavefront) is great at points within the beam, as -1, and small at. 
pomts outside the beam, as bb. The edge of the beam is not sharp; the 
power density decreases gradually from a maximum at point A on the 
beam axis to zero at a point such as C. Beyond C, the power density 
varies between zero and small nonzero values. The region of main 
radiation between C and C7 is ealled the major lobe, and remions of small 
radiation are called minor lobes. Points of no radiation, hke C, are called 
nulls, 

See 

_- 


WAVEFRONT 





MINOR LOBES 


MAJOR LOBE 


AXIS OF 
BEAM 


Fig. 8. Pictorial representation of radiation from directional antenna. 


The width of the beam. the major lobe in Fig. 8, is usually specified by 
the beam angle between half-power points. This is the angle between lines 
on opposite sides of the beam axis OA along which the power density 1s 
half as great as it is on the axis. The beam angle serves as a measure of 
the angular accuracy and resolution of a radar set. The beam in Fig. 8 
has a circular cross section, but beams of other cross-sectional shapes are 
often used. Tor example, by using the truncated-paraboloidal reflector 
of Fig. 9, having a horizontal dimension grealer than the vertical dimen- 
sion, the horizontal beam angle is made smaller than the vertical beam 
angle. Such a reflector may be used on a shipboard radar set to search 
the surface of the sea. The small horizontal beam angle provides good 
azimuth resolution, while the large vertical angle allows surface search to 
continue despite rolling and pitching of the ship. 
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3. Data Presentation. When both direction and range information 1s 
required, methods of data presentation different from the simple one 
described in Art. 1 are often desirable. Many different data-presenta- 
tion methods have been developed 
and have been given type designa- 
tions. The presentation described 
in Art. 1, in which echo strength 1s 
indicated by vertical displacement 
of the luminous spot and range by 
horizontal displacement, is called 
Type A data presentation. Other 
important presentations are Type 
6b, in which vertical displacement 
indicates range and horizontal dis- 
placement indicates azimuth angle, 
and Type P, mn which radial dis- 
placement of the spot from the 
center of the screen indicates range 
and the direction of the radial dis- 
placement indicates azimuth angle. 
‘Type P presentation is usually 
called plan-position indication (ab- 
breviated PPI). When Type A 
presentation is used, the electron 
y beam of the cathode-ray tube is 
Iria. 9. A truncated-paraboloidal antenna said to be deflection modulated, be- 
for 10-cm operation. The reflector is a 20- cause video pulses from the receiver 


in. sector of a 42-in. paraboloid. Because ae 
the horizontal dimension of the antenna is cause deflection of the beam. With 


greater than the vertical dimension, the Type B presentation and plan-posi- 
beam is narrower in the horizontal plane i manent Neagas 
than in the vertical plane. The horizontal 1On INGICAUON, Fange anc azimuth 
beam angle is 6 deg, and the vertical beam signals control the deflection of the 


Pi ie an (Courtesy of Bell Telephone alactyon beam and video pulses 

from the receiver control the in- 
tensity of the luminous spot. ‘The electron beam is said to be zntensity 
modulated. 

Consider a radar set located on a coast line at the position indicated by 
the center point in Fig. 104. Assume that the antenna of the set 
radiates waves in a narrow horizogtal beam. The antenna can be 
rotated about a vertical axis, and thus the radar set can scan the surface 
of the surrounding land and sea. The displays of information obtained 
with Type A, Type B, and plan-position presentations are to be examined. 

If Type A presentation is employed, a different pattern is obtained on 
the indicator screen for each position of the antenna. If the antenna 
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beam lies along the 60-deg azimuth line in Fig. 10A, the presentation of 
Fig. 10B is obtained. Reflections from promontory A and island 6 cause 
deflections of the trace on the cathode-ray tube as indicated. If the 
operator records the indicator pattern obtaimed for each of many positions 
of the antenna, he can construct from these patterns a rough map of his 
surroundings. Such a process, however, would be tedious. Other types 
of data presentation offer quicker, more direct means of visualizing the 
topography of the region. 

The pulses at the beginning of the sweep in Fig. 1056 should be noted. 
Similar pulses appear in most radar displays. At the very beginning is a 
signal caused by the transmitted pulse. The transmit-receive device 1s 
not perfect and allows some of the transmitted-pulse power to reach the 
recelver input circuit. ‘Though only a tiny fraction of the transmitted 
power, this power is large relative to echo-pulse power and causes a large 
deflection on the indicator screen. Following the transmitted pulse, a 
clutter of echoes appears. One cause of these echoes is the radiation in 
minor lobes of the antenna pattern. Large near-by objects (for example, 
the land or sea directly under the radar antenna) cause strong echo pulses 
because of their large size and short ranges—despite the small amount of 
radiation in their direction. Clutter at somewhat greater ranges is 
obtained because waves in the sea and small irregularities in relatively 
level land surfaces return energy to the radar set. Thus sea return is 
obtained from a point such as Cin Fig. 104A. The short range to C com- 
pensates for the relatively poor ability of the sea surface to return energy 
to the radar set. 

If the data-presentation method is changed from Type A to TypeB, 
the horizontal range sweep of Fig. 106 is changed to the vertical one of 
Fig. 10C and at the same time vertical deflection of the trace by echo 
signals 1s replaced by a modulation of the intensity of the trace. The 
appearance of the Type B trace when the antenna is stationary at an 
azimuth angle of 60 deg is suggested by Fig. 10C. The trace consists of a 
faint vertical line, portions of which are made bright by the echo signals. 
The range and azimuth coordinate lines and markings in Fig. 10C repre- 
sent lines and numbers engraved on a transparent cover for the indicator 
screen. Figures 106 and C are drawn for the same azimuth angle and 
may be compared. ‘The trace in Fig. 10C is shown at the 60-deg position 
instead of at the center of the screen because in Type B presentation the 
trace 1s moved sideways when the antenna is turned, so that the hori- 
zontal position of the trace indicates the azimuth angle of the antenna. 

Type B presentation is most useful if the antenna scans continuously. 
Suppose that the radar set of Fig. 10A is intended to view only the 180- 
deg region facing the sea and that the antenna rotates clockwise at a con- 
stant speed. As the antenna turns from the 270-deg position through 
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0 deg to the 90-deg position, the bright line in Fig. [OC moves from left 
to right across the sereen and the pattern of bright spots on the lime 
changes as it moves. The indicator sereens used for Type B presentation 
have very long persistence, or afterglow. Therefore, fading smears of 
heht are left behind the bright line as 1t moves, and the presentation pro- 
duced has an appearance suggested by lig. 10D. The signals obtained 
while the antenna rotates through the second halt cirele, from 90 to 270 
deg. are not of interest; therefore the electron beam in the cathode-ray 
tube is cut off during this interval, and nothing appears on the sereen 
except the fading picture lett by the preceding trace. 

The glowing spots of light represented by ig. 10D resemble in a remote 
wav a map of the region viewed by the radar set. ‘The most important 
difference between a Type B display and a maphke pieture of the region 
is the distortion caused by representing angles of azimuth by horizontal 
displacements. To correct the distortion, the vertical coordinate lines in 
Fig. 10D would have to be moved without change of length in such a way 
that their bottom pomts coincide and their top points swing outward until 
the 90- and 270-deg lines are horizontal. A corresponding alteration of 
the light-spot pattern would make the display of Fig. 10D resemble the 
top half of Fig. 104. The distortion in Type B presentation can be made 
small if the indicator is designed to cover only a small sector of the region 
about the radar set. For example, if the full width of the indicator screen 
corresponds to angles from 0 to 30 deg and the full length to ranges from 
6 to 8 miles, the distortion is not very noticeable. 

Several other effeets prevent Type B presentation from producing a 
perfect maplike picture. One is the clutter obtained at short ranges, 
which may mask objects in this region. Another is the failure to indicate 
distant objects that lie in the radio shadow of near-by objects. Thus, m 
Fig. 10:4, if promontory A is large and high relative to island B, radio 
waves may be prevented from reaching the island, and the radar indica- 
tion cannot then show the existence of the island. Still another effect 1s 
the resolution of the set. Objects are spread out in range because of the 
pulse duration and in azimuth because of the azimuth beam angle. A 
croup of small, closely spaced objects appears on the ‘Type B indicator as 
a single large object. Because most radar scts employ pulses with very 
steep sides, the range separation required to resolve two objects 1s rather 
definite. The angular separation, however, 1s less definite because the 
edges of the antenna beam are not sharp. If the gain of the radar 
reeciver is increased, the echo caused by a weak part of the antenna beam 
may become perceptible, and thus the apparent spread of the object in 
azimuth may be increased. Consequently, best resolution 1s obtained 
with the minimum gain setting that provides an observable signal. — Echo 
mtensity falls off rapidly with range. Therefore a single setting of gain 
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is not suitable to all ranges. If the gain is adjusted so that distant fea- 
tures are visible, the resolution of near-by objects 1s poor. 

The distortion of coordinates inherent in Type B presentation 1s 
avoided in plan-position indication, but the other defects enumerated are 
common to both presentations. The Type P screen often has a trans- 
parent overlay carrying range circles and azimuth Imes as in Fig. 104. 
The range trace appears as a line with bright spots extending radially 
outward from the center of the screen. For the antenna stationary in the 
60-deg position, the appearance of the screen is as indicated by Vig. 104. 
This figure may be compared with the Type B presentation of Fig. 1OC— 
the only difference is the position of the range trace. Turning the 
antenna causes the plan-position range trace to turn about the center of 
the screen in such a way that the angle of the trace always is the same as 
the azimuth angle of the antenna. Therefore, when the antenna rotates, 
the presentation suggested by Fig. 10/ is obtained. The bright line 
rotates around the screen, leaving fading smears of light behind it. The 
elowing pattern produced is a rough map of the region around the radar 
set (compare Figs. 10A and F). 

4. Discernment of Signals and Noise. The diagrams of Fig. 10 show- 
ing Type A, Type B, and Type P presentations are idealized in one very 
important respect: No indication of noise appears in them. Noise 1s 
the name given to very small randomly fluctuating voltages that unavoid- 
ably are present in the input circuits of the receiver. (The causes of noise 
are listed and explained in Arts. 13 to 17, Chap. VI.) The word novzse is a 
carry-over from sound-communication terminology. Noise voltages m 
sound equipment produce actual notse—a hissing sound—in the loud- 
speaker output. In radar, noise voltages result mn erratic, random deflec- 
tions of the electron beam of a Type A imdicator or correspondingly 
erratic fluctuations of intensity in Type B and plan-position presentations. 
The appearance of noise and the way in which noise can obscure weak 
signals are indicated by the photographs of radar-indicator presentations 
ieee, le, 

Noise voltages are entirely unwanted but cannot be avoided in physical 
circuits. Were it not for noise, the maximum range at which an object 1s 
detectable by radar could be extended almost indefinitely. Objects at 
great range return exceedingly weak echoes, but without noise almost any 
signal could be amplified to a usable level if enough stages were added to 
the receiver. Because of noise, however, the limit of sensitivity 1s 
reached when the signal level falls btloav the noise to such an extent that 
the signals are obscured. An ‘increase of amplification is then of no avail, 
because signals and noise are amplified together. Radar receivers are 
always designed with enough stages so that large-amplitude noise voltages 
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Fic. 11. Photographs of radar-indicator presentations 
showing echo signals and noise. 
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appear in the output when full gain is used, and the limit of sensitivity 1s 
therefore set by the noise. 

Because noise does limit receiver sensitivity, the anput circuits of the 
receiver are the most critical parts of the entire radar system. ‘To make 
possible the detection of a given object at maximum range, the input 
circuits must utilize the small echo signal as effectively as possible and at 
the same time must combine with the signal the least possible amount ol 
noise. That is, the highest obtainable szgnal-to-noise ratio is desired 
order that the signal at the indicator may be discernible. Subsequent 
receiver stages are not nearly so critical, because they amplify both signal 
and noise at relatively high levels and the noise they introduce is negli- 
eible compared with that already present. In the put circuits, the loss 
of one micromicrowatt of echo signal or the addition of an equally small 
noise power can reduce the maximum range of the radar set as seriously 
as would the loss of many kilowatts of transmitter power. 

The noise limitation of receiver sensitivity is part of the reason for the 
statement in Art. 1 that the ease of detecting the presence of an echo 
pulse depends upon the energy of the pulse rather than upon its peak 
power. It might seem that peak power is more important, because by 
halving the duration of a pulse, the peak power could be doubled without 
changing the energy, and the greater amplitude pulse thus obtained 
should stand out more clearly from the noise. The error in this argument 
involves the bandwidth of the receiver. In order to amplify pulse signals, 
the receiver must be responsive to a band of frequencies centered about 
the nominal frequency of the echo pulse,! and the width of the frequency 
band required is inversely proportional to the pulse duration. ‘Thus, 
halving the echo-pulse duration requires that the receiver bandwidth be 
doubled. Unfortunately, noise power is proportional to receiver band- 
width, and thus noise power also is doubled. Therefore, when the dura- 
tion of a constant-energy pulse is halved, not only is the power of the 
pulse doubled but also the power of the noise with which the pulse must 
be compared is doubled, and therefore no change in the discermbility of 
the signal is obtained. The true sensitivity of a radar receiver 1s meas- 
ured by the energy content of the smallest energy input pulse that can 
produce an output signal discernible against the background of noise. 

5. Radar Range Equation. Very important in the application of a 
radar set is its maximum range, that is, the range beyond which an object 
cannot be detected because echo sjgnals are obscured by noise. ‘The 
range attainable depends on the reflecting properties of the object as well 
as on the characteristics of the radar set. Not only do some objects 
return more of an incident radio wave than do others (an island would 
produce a much larger echo than a buoy, for example, and would be 


1 For discussion of bandwidth requirements, see Art. 18, Chap. VT. 
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deteetable at greater range), but also the reflection from a given object 
depends upon the onentation of the object. For this reason, radar 
siz@nals from ships and atreraft appear to twinkle (in an indieator display 
using mtensity modulation), because they change amplitude from moment 
to moment with the rolling and pitehing of the craft. Maximum range is 
atfeeted also by the loeation of the radar set and objeet relative to the 
surface of the earth and by atmospheric conditions. These factors influ- 
enee the propagation of radio waves between radar set and object (see 
Gap. X,)Y). 

[n this artrele the relation of maximum range to radar-set character- 
istics 1s to be considered. Propagation effeets are therefore climinated 
from the discussion by assumime radar set and object to be isolated bodies 
in space. The maximum range ealeulated on this assumption is the free- 
space maxtmion range of the set. 
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Fig. 12. Transmitted and reflected waves for radar set and object considered as isolated 
bodies in space. 


The radar antenna and object are indicated in Fig. 12. They are 
separated by the range r and are considered to be isolated from all other 
material bodies. ‘The antenna is positioned so that maximum radiation 
is directed toward the object. The peak power of the rectangular pulse 
of waves transmitted from the antenna is P;. This power is spread over 
the spherical wavefront traveling outward from the antenna. When the 
wavefront reaches the object, the area of its spherical surface 1s 47r?, and 
if the radiation were uniform in all directions, the power density at the 
object would be P,/4ar°. Because the antenna is directional, the dis- 
tribution of power is not uniform. The power density is greater than 
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P,/4nr2 at the object, and less at other positions on the wavefront. 
Accordingly, 


Power density of the transmitted| —P: xe 3) 
wave at the object dar? 





where G; is a factor greater than 1 to take account of the concentration of 
the radiation in the direction of the object. A fictitious antenna that 
radiates uniformly in all directions is called an tsofropic antenna, and G; 1s 
called the power gain of the transmitting antenna relative to an isotropic 
antenna. The gain G; is the ratio of the actual power density at the 
object to the power density that would be produced by an isotropic trans- 
mitting antenna. The appearance of r? in the denominator of Eq. 3 1s 1 
accordance with the inverse-square law—the power density of a wave 
radiated from a point source isolated in space is inversely proportional to 
the square of the distance from the source. 

The transmitted wave, on reaching the object, is in part reflected. 
That is, some of the energy incident on the object is converted into a 
second wave and radiated from the object. Wavefronts of the reflected 
wave are expanding spheres centered at the object. Suppose, for a 
moment, that the object is a sphere having a perfectly conducting surface 
and a cross-sectional area A,. Such a sphere can be shown to collect the 
power in an area A, of the incident wave and to reradiate this power un1- 
formly in all directions, provided the diameter of the sphere is large rela- 
tive to the length of the radio waves. The reflected wavefront expanding 
from the spherical object has an area 4ar? when it reaches the radar 
antenna, and therefore 


Power density of the reflected{ — 2 x GX ‘Ac (4) 


9 


wave at the radar antenna torr? torr? 


Actual objects may extract more or less energy from the transmitted 
wave than that contained in their cross-sectional area. Iurthermore 
they absorb some of this energy and reradiate only the remaining part, 
and the radiation is usually far from uniform in direction. Nevertheless 
the reflecting ability of any object can be described by an area A., called 
the radar cross section of the object, which is the cross-sectional area of a 
perfectly conducting sphere that would return the same power to the 
radar set as does the actual object. Equation 4, therefore, apphes to 
any object if A, is considered to.stand for radar cross section. For air- 
craft and ships, the radar cross section changes from moment to moment 
as the object changes its orientation. 

The power absorbed from the reflected wave by the radar antenna 1s 
proportional to the power density of the wave when it reaches the 
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antenna. ‘Therefore the received power P, is 


Moya x Ae 
dor? A lrr? 








P, = xy, (5) 
where A, is the constant of proportionality. This constant has the 
dimensions of area and is called the effective area of the receiving antenna. 
Ietleetive area may be thought of as an area of the wavefront of the 
reflected wave from which the receiving antenna obtains the power it 
supphes to the receiver. lor some types of radar antennas, the effective 
area is very nearly equal to the area of the projection of the antenna on a 
plane perpendicular to the axis of maximum sensitivity, but for other 
types of antennas there is a great. discrepancy between actual and effective 
areas. Note that effective area is defined in terms of a wave approaching 
from the direction of most sensitive reception. 

Equation 5 is a statement of the inverse-fourth-power law for radar. 
Because the inverse-square law applies to both transmitted and reflected 
waves, the echo power received is inversely proportional to the fourth 
power of the range—echo strength falls off very rapidly as range is 
increased. It should be remembered that. this law has been derived for a 
radar set and an object isolated in space. Under some circumstances it 
apphes to an actual set operated in proximity to the earth, but under 
other circumstances presence of the earth makes echo strength vary with 
range in an entirely different manner. Especially important is the 
horizon effect—under normal propagation conditions a radar horizon 
exists and limits radar ranges in the same way that the optical horizon 
limits the range of vision (see Art. 6, Chap. XIV). 

From Eq. 5 the free-space maximum range can be obtained if P, repre- 
sents the power of the weakest discernible echo pulse. Because the 
discernibility of a pulse depends upon its energy, the appropriate value 
for P, is W,.,./T, where IW’,,,, 1s the energy of the minimum discernible 
pulse and 7’ 1s the pulse duration. (The object detected is assumed to 
have small extent in range, so that the echo-pulse duration is the same as 
that of the transmitted pulse.) When P, in Eq. 5 is replaced by W,,.../7, 
r becomes the maximum range 7max, and the resulting equation solved for 
Tmax 1S the radar range equation, 


4. 
I 1 
friaa, ae = \ [PT] x TV... xX IGA P| x [A.] (6) 
T Tmin 
Energy Minimum Charae- Reflecting 
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transmitted energy antenna object 


pulse 


The bracketed factors in Eq. 6 show the effect of radar-set character- 
istics and the object on maximum range. The effectiveness of the trans- 
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mitter in making rmx large is measured by P,7’, the energy of each pulse 
transmitted. The effectiveness of the receiver depends on JW’,,,;,, the 
minimum detectable echo-pulse energy. Antenna effectiveness 1s meas- 
ured by the power gain G for the transmitting antenna and the effective 
area A, for the receiving antenna. If, as is usual, the same antenna 1s 
used for transmitting and receiving, the subscripts ¢ and r may be omitted, 
and the over-all antenna effectiveness then depends on the product GA. 
Large changes of any one of the bracketed factors produce only small 
changes of maximum range because of the fourth root in Eq. 6. If, for 
example, peak transmitter power is doubled, the range is increased by 
only 19 per cent (the fourth root of 2 1s 1.187). 

Minimum detectable energy JW,,,., depends largely upon the receiver, 
especially the critical input circuits. Relatively common inefficiencies of 
the input circuit may increase JW,,,,, so much as to cause an Important 
loss of range, despite the effect of the fourth root. Other parts of the 
radar system have minor effects upon W,,,,,- Thus the indicator affects 
W,,.. because the visibility of an echo pulse against the noise background 
is influenced by the type of data presentation employed. ‘The pulse 
repetition frequency affects W,,,,, because it influences the appearance of 
noise and echo pulse on the indicator screen. Within limits, increasing 
the repetition frequency can make a weaker echo pulse visible. For this 
reason, the average power output of the transmitter (which is propor- 
tional to repetition frequency if the pulse energy is fixed) has an effect 
upon maximum range. The rate at which the antenna scans the region 
around the radar set affects I,,,.. because the number of echo pulses that 
are received from an object as the beam passes over it influences the 
visibility of the resulting signal. This number of pulses depends on the 
antenna beam angle and the repetition frequency, as well as on the rate 
of antenna scan. 

If the same antenna is used for transmission and reception, the power 
gain G and the effective area A are related by the equation’ 

G = in & (7) 
Therefore the factor GA is proportional to A?/)?, and at fixed wavelength 
the maximum range is proportional to the square root of effective antenna 
area. For antennas of the same type but different size, effective and 
actual areas are proportional, and\therefore maximum range is directly 
proportional to the linear dimensions of the antenna if the other bracketed 
factors In Eq. 6 are constant. Increasing the size of the antenna has, 


1 Bquations resembling Eq. 7 but with constants different from 4a are often seen. 
These equations relate gain to actual antenna area instead of to effective area. 
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however, the additional effect. of decreasing the beam angle. The 
Increase of range resulting from an increase of antenna dimensions may 
therefore be offset by the smaller number of pulses returned from each 
object. Intact. if the antenna is made very large, the beam may become 
so narrow that objects are missed altogether —the antenna may rotate 
past the objects during the intervals between pulses. 

6. Limitations of Radar. The performance of a radar set-—its ability 
to measure range and direction angles of objeets in its vieinity—is limited 
In several respects. Objects at great range return echoes too weak to 
produce discernible signals. Kehoes from closely spaced objects merge 
and cause several objects to appear as a single one. The accuracy of 
measurement of range and angles ts limited, and so is the speed with whieh 
a volume of space can be explored in the search for objects. Knowledge 
of the limitations of radar is necessary for the proper application of radar 
sets and for an understanding of radar components. Consequently a 
discussion of the more important limitations is worth while. 

Maximum Range. For a radar set and object isolated in space, the 
maximum range of detection depends, according to Eqs. 6 and 7, on the 
energy of each transmitted pulse, on the minimum detectable echo-pulse 
energy, on the effective area of the antenna relative to the square of the 
wavelength, and on the radar cross section of the object. The minimum 
detectable echo-pulse energy depends mainly on the quality of the 
receiver Input circuits and to a smaller extent on the over-all bandwidth 
of the receiver, on the type of data presentation employed, on the pulse 
repetition frequency, and on the number of pulses returned from the 
object as the antenna beam seans past it. 

In actual operation of a radar set, the maximum range attained for a 
given object may be greatly different from the free-space maximum range 
because of the effects of the surface of the earth and the atmosphere. 
The actual maximum range is, however, always increased or decreased 
by changes in the radar set in the same way as is the free-space maximum 
range—except that changes in radar-set characteristics have very httle 
effect when range is limited by the radar horizon. 

Maximum range 1s limited in another way if the echo signal is expected 
to be observed at correct range on the indicator screen. In Fig. 13, echo 
pulse 4, is returned by an object at short range with the delay time Ad; 
measured from the transmitted pulse A. Since Af, is less than Aé,,.,, the 
time interval corresponding to the maximum range of the indicator sweep, 
echo pulse A, causes a signal at the correct range in the indicator display. 
An object at a range greater than the maximum range of the sweep, cor- 
responding to echo pulse 42, causes no signal on the indicator because the 
screen 1s blanked (see Art. 9) at the time of pulse Ao. An object at still 
greater range may return an echo pulse such as A; at a time after the 
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beginning of the next repetition period. Such a pulse 1s received during 
the sweep trace of the following repetition cycle and produces a signal in 
the indicator display, but at a range much less than the actual range of 
the object. 

In the design of a radar set, the maximum range of the indicator sweep 
is chosen large enough to indicate objects at the greatest range expected 
to be useful, and the repetition period is made long enough so that echo 
pulses corresponding to A; in Fig. 13 are too weak under normal condi- 
tions to cause a discernible signal. The maximum range of a radar set 
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Fic. 13. Delay of echo pulses from objects at ranges greater than the maximum range of 
the indicator sweep. 


therefore places an upper limit on the repetition frequency that can be 
used. If, for example, 200 miles is the greatest range from which detect- 
able echoes are expected, the repetition frequency must not exceed 
1/(200 X 10.74 X 10-°) = 497 cps. The maximum time duration of the 
indicator sweep must be less than the repetition period, and therefore 
the maximum sweep range must be less than 200 miles if 497 cps 1s 
chosen as the repetition frequency. 

Under certain atmospheric conditions, echoes are returned from large 
objects at ranges far beyond the normal maximum. Many radar sets 
therefore occasionally receive’ echo pulses delayed by more than one 
repetition period, and radar operators must be aware of this possibility. 

Minimum Range. Objects at very short range, as well as those at 
extremely great range, cannot be detected by radar. One reason for the 
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minimum-range limitation is that most transmitters cannot end a pulse 
with perfect suddenness. For several microseconds following the main 
part of the pulse, relatively weak signals may be produced (Art. 11, Chap. 
XI). ‘These signals are too weak to cause useful echoes but are strong 
enough to mask echoes from near-by objects. Another effect that limits 
nunimum range is the recovery time of the t-r device. During the trans- 
mitted pulse, the t-r device must block signals from the receiver input 
with great effectiveness. Following the pulse, a short time interval is 
required for the gas in the t-r tube to deionize and allow signals to reach 
ihe receiver. As delonization progresses, the sensitivity of the receiving 
svstem is restored gradually during the first few microseconds following 
the transmitted pulse. Another possible limit on minimum range 1s 
receiver recovery time. Despite the t-r device, the transmitted pulse 
causes a recelver-Inpul signal much larger than normal echo signals, and 
this large signal drives amplifier circuits in the receiver beyond their 
normal range. The minimum range of detection is increased if an 
appreciable time is required for the circuits to recover normal sensitivities 
after this overload. 

Reeeiver recovery time can be made negligible by proper design, but 
the hmitation of the t-r device recovery time and the transmitter output 
following the pulse remain. The actual value of the minimum range 
depends, like the maximum range, not only on the radar set but also on 
the radar cross section of the object. 
Larger objects can be detected at 
shorter ranges because the greater 
echoes from them can be discerned 
despite the interfering signal from 
the transmitter and the attenuation 
in the t-r device. 

Minimum Cross Section of Object. 
Because echo-pulse energy depends 
not only on range but also on re- 
flecting properties of the object, an — 9, 
object at a fixed range can be de- 4Ao,,, 
tected only if its radar cross sec- OR MeN coe 
tion exceeds some minimum value. ee 
The minimum cross section in- Fic. 14. Relation of radar cross section to 
creases as range increases, in accord range for a barely detectable object. 
with the radar range equation, and also increases at very short ranges 
because of the minimum-range hmitations. The variation with range 
of the minimum cross section for detection 1s represented by the curve 
of Fig. 14. The minimum and maximum ranges at which an object 
of given cross section can be detected can be found on this curve as 
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illustrated for an object of cross section A.,. Note that an object with 
cross section less than A,,.., cannot be detected at any range. 

From the radar range equation (Eq. 6) it may be seen that doubling 
the energy of the transmitted pulse has the same effect on range of detec- 
tion as does multiplying the ordinates of the curve in Fig. 14 by 2, thus 
increasing very slightly the range at which large objects can be detected 
and increasing considerably the detection range for small objects. Simi- 
larly, halving the minimum discernible echo-pulse energy halves the 
ordinates of the curve, and doubling the antenna gain and effective area 
(see Eq. 6) divides the ordinates of the curve by 4. 

The over-all ability of a radar set to detect objects depends upon (1) 
the ratio of transmitted-pulse energy to detectable echo-pulse energy and 
(2) the antenna gain. Antenna gain is ordinarily constant for a given 
radar set, but the ratio of pulse energies may vary widely, because it 
depends on the condition of the transmitting and receiving circuits. The 
value of the pulse-energy ratio therefore indicates whether or not the 
ability of the radar set to detect objects is the maximum possible. This 
ratio is sometimes called the over-all performance of the radar set. For a 
set that transmits pulses having a peak power of 100 kw and is capable of 
detecting pulses of the same duration as the transmitted pulse and a peak 
power of | yuw, the over-all performance ratio is 100,000,000,000,000,000. 

Because maximum range on large objects is usually horizon-limited and 
is therefore little affected by radar-set performance, radar sets may seem 
to be operating satisfactorily even though the over-all performance ratio 
is far below normal and range on small objects is therefore reduced. 
Test equipment capable of measuring over-all performance 1s essential 
for proper maintenance of radar sets. An especially simple and useful 
testing device is the echo box (Art. 18, Chap. XII) with which relative 
over-all performance may be determined—the actual pulse-energy ratio 
is not usually measured, but an indication of the actual over-all perform- 
ance relative to its normal value 1s obtained. 

Resolution. The maximum-range, minimum-range, and minimum- 
cross-section limitations relate to the possibility of an object returnimg an 
echo pulse strong enough to be discernible. Obtaining useful information 
from echo signals requires, in addition, reception of separate and distinct 
signals from the various objects surrounding the radar set. When signals 
from several objects merge, individual objects often cannot be identified, 
and the positions of objects cannot, be determined with accuracy. The 
relation of resolution to the amount of information in a radar display is 
illustrated by the photographs of two plan-position presentations in 
Ergel 5. 

Range resolution depends principally on the pulse duration of the trans- 
mitter (see Art. 1), but it may be reduced by the receiver bandwidth, 
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because a narrow-band receiver tends to spread out the pulses it amplifies. 
Ordinarily, radar receivers have bandwidths ereat enough so that the 
spreading effect is negligible, and the transmitter pulse duration alone 
determines the range resolution. Angular resolution depends on the 
beam angle of the antenna (see Art. 2) and may be different in azimuth 
and elevation if the antenna beam is narrower in one direction than the 
other. Beeause the edges of an antenna beam are not sharp, the setting 
of the receiver gain control also influences angular resolution. The are 
length corresponding to a given beam angle is proportional to range, At 
long ranges, therefore, the resolution of a display is limited mainly by the 
beam angle and at short ranges by the pulse duration. Suppose, for 





CA) Low-resolution presentation of a 10- (B) High-resolution presentation of the 
em radar set. same area on a l-cm set. 


Fie. 15. Photographs of plan-position presentations illustrating the effect of resolution. 


example, that the pulse duration is | ws and the azimuth beam angle is 1 
deg. The spread of object indications in range is then 492 ft. The 
spread in azimuth is also 492 ft 7f the range ts 5.32 miles and is more at 
longer ranges, less at shorter ranges. 

An additional limitation on resolution that might be considered is the 
diameter of the spot on the cathode-ray tube. <A large spot would cause 
indications from adjacent objects to merge. This lmitation is not 
fundamental, however, because expanded displays can be made that 
spread small sections of the range and azimuth scales over the entire 
indicator screen. Such displays are used whenever the resolution other- 
wise obtainable warrants them. 

The obscuring of echoes by ground clutter and sea return is closely 
related to resolution. If the antenna beam of a ground radar set is wide 
in elevation, echo signals from an airplane may be lost among echoes at 
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the same range and azimuth from the surrounding terrain. Air-borne 
radar sets cannot ordinarily detect ships directly below themselves 
because of the tremendous echo returned from the surface of the sea. 
Echoes from ship and sea cannot be separated because the ranges differ 
by less than the pulse duration. In general, the disturbing effects of any 
type of interfering signal are reduced by an increase in resolution, because 
the region of the display affected by the interference 1s decreased 1n size. 

Accuracy. Detection of objects by radar is not enough In many 
applications; range, azimuth, and elevation coordinates of the objects 
must be measured with considerable accuracy. Because the require- 
ments for accurate range measurement are different from those for 
accurate angle measurement, the two are discussed separately. 

Comparison of echo signals with a range scale on a Type A, B, or P 
indicator in the manner described in Arts. 1 and 3 yields only approximate 
values of range. Many applications require greater accuracy, and for 
these a number of high-accuracy range circuits have been developed. ‘To 
show which characteristics of a radar set limit the attainable accuracy, it 
is necessary first to describe the principle of one method of accurate range 
measurement. 

Assume that the range of the strongest echo signal within the dotted 
circle drawn on the Type A presentation of Fig. 164 is to be measured. 
An expanded presentation of the portion of the trace within the circle 1s 
made as in Fig. 16B. To obtain the expanded display, the start of the 
sweep is delayed by a controllable amount and the sweep is made very 
fast. Note that the short echo pulses that appear as ‘‘spikes”’ in Tig. 
16A are spread out in Fig. 168 so that the shape of the pulses is evident. 
A voltage is added to the signal voltage on the vertical-deflection plates 
to produce a range step (or sometimes a notch or other marker waveform), 
as shown in Fig. 16C at a fixed time interval after the start of the expanded 
sweep. Adjusting the delay of the sweep and step causes the train of 
echo pulses to move relative to the step. The delay is adjusted until the 
leading edge of the desired echo pulse coincides with the step, and the 
range is then read from the dial that controls the delay. 

The accuracy of the range measurement depends on the circuits that 
control the delay of the range step, on the setting of the edge of the echo 
pulse to coincide with the step, and on the relation of range to the prop- 
agation time of radio waves. Range circuits can be made with almost 
any desired accuracy but become yery complex when exceedingly small 
errors are required. The accuracy: of Setting the echo pulse is limited by 
the steepness of the leading edge of the pulse. 

The edge of the echo pulse cannot be steeper than the edge of the trans- 
mitted pulse, and therefore, a very sharp rise of the transmitted pulse is 
essential to range accuracy. The main reason for using the leading 
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edge in range measurements is that the leading edge of the transmitted 
pulse can be made steep much more easily than can the trailing edge 
(Arts. 8 and 10, Chap. IIT). ven if the transmitted-pulse edge were 
infinitely steep, the echo-pulse edge would slope because of the limited 
bandwidth of the receiver; the rate of rise of the echo-pulse edge would 
be proportional to receiver bandwidth. Consequently, accurate range 
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Fic. 16. Indicator presentation used in one method of measuring range accurately. 


measurement requires the greatest possible bandwidth ~a requirement in 
conflict with the bandwidth for best discernibility of the echo signal. 

The transmitted-pulse shape and the receiver bandwidth determine the 
time required for the echo-pulse leading edge to rise to a fixed percentage 
of its maximum amplitude. The actual rate of mse of the pulse edge 
depends also upon the strength of the echo. Therefore, if the echo pulse 
is weak so that the usable receiver gain is limited by noise, range accuracy 
is dependent on echo-pulse amplitude. If, however, a strong echo 1S 
available so that the noise amplitude is negligible, echo-amphitude changes 
can be compensated for by adjustment of the gain control and have no 
effect on range accuracy. 
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To determine angular coordinates of an object, the position of the 
antenna when maximum echo signals are received may be observed, as 
explained in Arts. 2 and 3. Angular errors are then of the same order of 
magnitude as the beam angle of the antenna. Fora specified beam angle, 
greater accuracy can be had if lobe switching is employed. The antenna 
is constructed so that its beam can be made to oceupy either of two posi- 
tions separated by an angle of about the same size as the beam angle, and 
the beam is switched from one position to the other several times a 
second. Echo pulses returned when the beam is in each of the two posi- 
tions produce separate signals on the indicator, and the antenna is posi- 
tioned so that the two signals are of equal amplitude. The direction of 
the reflecting object is then midway between the two positions of the axis 
of the antenna beam. (For further discussion of lobe-switching methods, 
see Art. 9, Chap. IV.) Lobe switching increases the accuracy of angle 
measurement because intensity of the radiation from the antenna changes 
more rapidly with angle near the edge of the beam than at the maximum 
point. 

A motion of the antenna beam ealled conical scan, which is often used 
for the accurate determination of angle, may be regarded as a form of lobe 
switching. An antenna beam of circular cross section is moved continu- 
ously in such a way that its axis describes a cone having an angle at its 
apex about equal to the beam angle. If an object lies on the axis of the 
cone, the rotary motion of the antenna beam does not cause the strength 
of the returned echo to change, because the angle between beam axis and 
a line to the object is constant. If the object lies to one side of the cone 
axis, the echo strength increases and decreases during each tracing of the 
cone. ‘Lo measure the angular position of the object, the antenna is 
turned until the conical scan causes no variation of echo strength. The 
object direction 1s then defined accurately by the axis of the cone. 
Conical scan is equivalent to simultaneous lobe switching in azimuth and 
elevation. | 

The use of the edge of the antenna beam in an angle measurement may 
be compared with the use of the edge of a pulse in the measurement of 
range. Because the accuracy of either measurement is limited by the 
sharpness of the edge, range errors much less than the range equivalent of 
pulse duration and angle errors less than beam angle are obtainable. 
Observe, however, that such accuracy can be had only with relatively 
isolated objects. When several objects lie close together, high resolution 
Is necessary to separate the signals they produce before the coordinates 
of any one of them can be determined with accuracy. 

Speed of Collecting Data. When objects move relative to a radar set, 
the set is required not only to detect the objects, to indicate the objects 
separately, and to determine the coordinates of each but also to perform 
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these functions again and again with great rapidity. The speed of the 
process 1s especially important when the courses of fast-flying aircraft are 
to be followed; the successive instants at which the positions of the air- 
craft are indicated must be closely spaced to limit the distances traveled 
In the intervening intervals. 

The beam from a radar antenna is required to sean a definite region of 
space, that 1s, to explore all parts of the region in search of refleeting 
objects. The position of any one object is indicated when the beam 1s 
directed toward the objeet, and this oceurs once in each complete sean- 
ning eyele. Thusa rapid sean is required if adequate data on fast-moving 
objects are to be obtained. ‘The rate of sean is Innited, however, because 
several pulses must be transmitted while the beam is passing across any 
one object. Otherwise, discernible signals would not be produced by the 
echo pulses. The allowable rate of antenna scan depends, therefore, on 
repetition frequency and beam width. Increasing either of these quan- 
tities permits an increase in the rate of antenna motion without a loss in 
the number of echo pulses returned by each object. 

Because broad antenna beams cannot be used when high angular reso- 
lution is required, speed of data collection must often be sacrificed in high- 
resolution sets. In certain applications, the speed can be increased by 
proper shaping of the antenna beam. For example, if a pencil beam (a 
narrow beam of circular cross section) is used to search for aircraft, the 
sky may be scanned by rotating the antenna rapidly about a vertical axis 
and tilting it slowly in elevation, but the complete scanning process 
requires a long interval of time. In air-search sets, the antenna beam 1s 
usually fan-shaped—narrow in azimuth but broad enough in elevation’ so 
that the entire region is scanned by a single revolution of the antenna. 
The time required for the scanning process is reduced, and yet good 
accuracy and resolution in azimuth are retained. 

For a given beam angle, the allowable rate of scan depends on repeti- 
tion frequency. Therefore (since the maximum range of the set depends 
on the energy of each transmitted pulse), the product of range and scan 
rate, which is a measure of the data-collecting speed, depends on the 
product of repetition frequency and pulse energy, or the average power 
of the transmitter. Data can be collected most rapidly, therefore, 1f 
large, heavy, expensive transmitting equipment is employed to provide 
high average power. An ultimate limit is reached, however, when the 
repetition frequency is increased to the maximum value that permits 
two-way travel time for a maximum-range echo. The speed of radio 
waves may, therefore, be considered to place an ultimate mit on the 
speed at which a radar set can collect data. 

The requirements placed on characteristics such as pulse duration, 

1 The cosecant-squared pattern is often used. See Art. 15, Chap. AIT. 
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bandwidth, and beam angle by desired performance features such as 
range, resolution, and speed of data collection are often conflicting. For 
example, if small objects are to be detected at long range, a long pulse 
should be used to provide high pulse energy, the repetition frequency 
should be low to minimize the average power and prevent range ambi- 
culty, the antenna should have high gain and should rotate so slowly that 
each object is illuminated by a long succession of pulses, and the receiver 
bandwidth should be correctly related to the pulse duration. Use of a 
long pulse is, however, in conflict with the requirement for range resolu- 
tion; a higher repetition frequency, broader antenna beam, and more 
rapid antenna-scanning motion should be used to obtain data more 
rapidly; and a greater receiver bandwidth should be employed for 
accurate determination of range. ‘These conflicting requirements are the 
reason that radar sets are made with a vaniety of different characteristics, 
each suited to its own application. 

7. Radar Frequencies. ‘The frequencies of the radio waves employed 
in radar he in the general region of 100 to 30,000 Mcps. How extremely 
high these frequencies of billions of cycles per second are may possibly 
be suggested by the comparison of power, communication, radar, and 
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It@. 17. Comparison of radar frequencies with power, communication, and light fre- 
quencies. 


light frequencies in Fig. 17. On the logarithmzie scale of this figure, radar 
frequencies le closer to visible light than to electric-power frequencies. 
It is not strange, then, that much radar equipment (for example, the 
antenna with paraboloidal reflector in Fig. 6) resembles optical devices 
more closely than low-frequency electrical equipment. 

Radar wavelengths range from 1 cm to 3 m in contrast to 200 to 550 m 
for the low-frequency radio-broadecast band and 0.00004 to 0.00008 em 
for vistble heht. The relation between frequency and wavelength, 
indicated by the scales in Fig. 17, is determined as follows: A wave of 
frequency f moves forward one wavelength \ mn each cycle of oscillation. 
Therefore, the speed with which the wave progresses, which is the distance 
moved forward in one unit of ‘time, is fA. For radio waves, this speed is 
c, the speed of hght, 299.8 m per ys. Therefore, 


ac (8) 
(Mcps) X (m) = (m per us) 
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The units indicated below Eq. 8 are convenient for use at radar fre- 
quencies. If the correspondence of 1 m to 300 Meps (more accurately 
299.8 Meps) is remembered, the inverse proportionality between fre- 
quency and wavelength can be used for any desired frequency—wavelength 
conversion. 

The range of frequencies used by radar sets are sometimes divided mto 
bands designated by the letters P, L, 8S, VN, and WK. These bands are 
centered on wavelengths of approximately — fgg 
2 tm, S0-@m. 10%cm. 3 cm, Gurl Jaci. | 
respectively. 

Radar equipment operating in the 7’ 
and L bands is known as ultrahigh-jfre- 
quency (abbreviated uhf) radar, and that 
in the S, NV, and /v bands is ealled miero- 
wave radar. ‘he distimetion is of 1mpor- 
tance because several characteristic differ- 
ences exist between uhf and microwave 
equipment. Principally, the  antemna, 
transmission lines, transmitting tubes, and 
receiver input circuits take different forms 
for different frequencies, and the perform- 
ance characteristics of the sect depend 
ereatly on the frequency of operation. 

Typical uhf and microwave antennas 
are illustrated in Figs. 5 and 6. The 
paraboloidal reflector and feed of Fig. 51s 
a microwave antenna, and the array of 
half-wave elements mounted on a reflect- ee lett cle oT to 
INS scree!) shown 1) Fig. 01S used At ultra- erating frequeney saupproximately 
high frequencies. (The various antennas 220 Meps) paraboloidal antenna. 


a The antenna diameter is 17 ft; the 
mentioned here are discussed in detail in beam angle is 20 deg. (Courtesy of 


Chap. XIII.) Paraboloidal reflectors are General Electric Company.) 

ased in some uhf sets, especially at frequencies near 1,000 Mcps 
Ultrahigh-frequency paraboloids are very large and are made of wire, 
rods, or other open metalwork, as illustrated in Fig. 18, in order to reduce 
weight and wind resistance. Another form of uhf antenna is the Yagi 
array (see Art. 12, Chap. XIII). Many special antenna types are found 
‘n microwave sets. Examples are the truncated paraboloid of Ig. 7, the 
parabolic cylinder of lig. 19, and the end-fire array of ig. 20. Because 
of the advantage of short wavelength in producing directivity, microwave 
antennas tend to be smaller than uhf antennas and to produce narrower 
beams. Beam angles of 2 to 30 deg may, be expected with uhf antennas, 
while 0.1 to 10 deg is typical of microwave antennas. 
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Fig. 19. Example of a parabolic-evlinder antenna. 





Ite. 20. Example of an end-fire antenna array. The beam angle is approximately 28 deg. 


i 
Transmission lines (see Chap..VIT) tn uhf radar equipment are often of 


the parallel-wire type, similar to the transmission lines used for power and 
communications at low frequencies. Coaxial lines also are frequently 
employed, especially at the high-frequency end of the uhf region. In 
these, one conductor is a rod placed along the axis of an outer cylindrical 
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conductor. ‘These transmission lines conduct r-f power from transmitter 
to antenna and from antenna to receiver, and short sections of line are 
used as tuning elements throughout the r-f portions of the radar set. 
Microwave equipment typically employs waveguides (Chap. VIIT) instead 
of transmission lines, although coanial lines are used in low-power and 
medium-power sets at 10 em. Tuning elements in microwave sets are 
often resonant cavittes (Chap. IX), many of which may be reearded as 
sections of waveguides or coaxial lines. 

Transmitting tubes of two types are used in radar. One type is the 
triode (Chap. XX), especially designed for high-power, high-frequency 
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(4) 500-Meps transmitter. (Courtesy of (B) Sectional view of Type 725A (3-cm) 
Radio Corporation of America.) magnetron. (Courtesy of Bell Telephone 
Laboratories.) 


Fic. 21. Comparison of uhf and microwave transmitting tubes and tuning elements. 


operation, and the other tvpe is the magnetron (Chap. XI). Triodes can 
produce large amounts of power in the ubhf region but have much lower 
output than the magnetron if they must operate in the microwave region. 
Magnetrons, on the other hand, are practical in the microwave bands but 
are very large and heavy if designed for lower frequencies. Consc- 
sequently, uhf sets employ triode transmitting tubes, and microwave sets 
use magnetrons. Exceptions exist; however: 700-Meps magnetrons have 
been used, and disk-seal triodes (Art. 1, Chap. X) are suitable as trans- 
mitting tubes in low-power 10-cm sets. Figure 214 shows the mternal 
construction of a typical uhf transmitter. The triode tubes are in evi- 
dence, as are the transmission-line sections used as tuning elements. 
Figure 21B shows, for comparison, the construction of a 3-cm magnetron 
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transmitting tube. The magnetron makes use of resonant cavities as 
tuning elements. 

Microwave and uhf receivers differ principally in the input stages. 
Because of the difficulty of obtaining amplification at high frequency, 
substantially all radar receivers employ a superheterodyne circuit in 
which the echo pulses received are changed to pulses of lower frequency 
and then amplified. Stages operating at the lower frequency can be 
similar i uhf and microwave receivers. The change of frequency 
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iGw22 = Msaniple of .aeahtroeemer: Input circuit. (Courtesy of Radio Corporation of 
America.) 


requires the use of a local oscillator to generate a signal of frequency nearly 
equal to that of the received pulse and a nonlinear mixer element to 
rectify the combination of local-oscillator signal and echo pulse and pro- 
duce a beat-frequeney or difference-frequency pulse. The difference fre- 
quency is usually in the range of 15 to 60 Meps and is called the znéer- 
mediate frequency of the radar receiver. Microwave and uhf receivers 
employ different types of mixers anc local oscillators, and in addition, uhf 
receivers commonly have one or two r-f amplifier stages before the mixer; 
In microwave receivers the input pulse is applied directly to the mixer. 
Special triodes, such as acorn tubes and especially hehthouse tubes (small 
disk-seal triodes), are useful in uhf sets as r-f amplifiers and local oscil- 
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lators and trequently as mixers. In microwave receivers, crystals (Art. 
12, Chap. VI) are used as mixers and Alystrons (Chap. X1) are commonly 
emploved as local osetlators. Lighthouse-tube local oscillators are also 
used at 10 em. The appearances of the input circuits of typical uhf and 
microwave receivers are shown by the photographs of Iigs. 22 and 23. 
The seetional drawing of the klystron (lig. 24) shows the resonant cavity 
that controls the frequenev of the local-oseillator signal in the microwave 
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Fic. 23. Example of a 3-cm receiver input circuit. (Courtesy of Bell Telephone Labora- 
tories.) 


receiver. The features of typical microwave mixers may be seen In 
Figs. 54 and 55 of Chap. NII. 

There are a number of reasons why radar frequencies are limited to the 
range of about 100 to about 30,000 Meps. The lower limit is fixed partly 
by the difficulty of obtaining adequate antenna directivity at frequencies 
below 100 Mecps. The wavelength corresponding to 100 Meps is 3 m, 
and at a lower frequency and correspondingly longer wavelength, an 
antenna having dimensions many times the wavelength would be imprac- 
tical. Another effect that places a lower limit on radar frequencies is 
that little reflection is obtained from objects such as ships and aircraft if 
the radar wavelength is long relative to the dimensions of the object. 
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The upper limit for radar frequencies is fixed partly by the technical 
difficulty of generating and receiving waves of the highest frequencies. 
Transmitting tubes tend to produce less power, and the noise level in 
receiver circuits tends to increase as the frequency 1s raised. Tolerances 
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Nia. 24. Sectional view of klystron used in the receiver input circuit of Fig. 23. (Courtesy 
of Bell Telephone Laboratortes.) 


for dimensions of high-frequency components are a relatively fixed frac- 
tion of wavelength and thus become increasingly dificult to maintain as 
the frequency is raised. | 

The upper-frequency limit set by technical difficulties tends to rise as 
new tubes, circuits, and techniques are developed, but another effect 
seriously limits the usefulness of radar at frequencies of 30,000 Meps or 
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higher: The absorption of radio waves by the atmosphere becomes impor- 
tant. Furthermore, fog, rain, and snow have little effect on low-fre- 
queney radio waves but cause considerable reflection and some absorption 
at high frequencies. ‘Thus, one advantage of radar over optical deteetion 
methods is lost if too high a frequeney is used. 

The particular frequeney within the range useful for radar that is best 
depends upon the use to which the radar set is to be put. In general, high 
radar frequencies are most suitable when high resolution or high aeeuracy 
isrequired. Somewhat lower frequencies are better if the longest possible 
detection range 1s the object, especially if the radar set 1s to be simple and 
inexpensive. The manner in whieh frequeney affeets radar performance 
may be summarized as follows: 

Transmitter Performance. As the frequeney is increased, the pulse 
energy that can be generated decreases and, therefore, the range attain- 
able tends to decrease. An exception to this rule is that magnetrons can 
produce as large pulse energies at about 10 em as can triodes at longer 
radar wavelengths; therefore, in terms of transmitter output, there is 
httle advantage to frequencies below about 3,000 Meps. 

Receiver Performance. As the frequeney is increased, there is a tend- 
ency for receiver noise to increase. For this reason also, attainable range 
tends to decrease with increase of frequency. Development of new 
circuits and techniques for reducing noise is one of the most promising 
possibilities for improving high-frequenev radar. 

Antenna Performance. The effect of frequency change on antenna per- 
formance depends upon whether or not the antenna size 1s changed simul- 
taneously. If antenna size is not changed, increase of frequency narrows 
the antenna beam and increases the gain. The resolution of the set 1s 
therefore improved,! and the greater gain opposes the tendencies toward 
decrease of range with increase of frequencies. If the antenna size is 
reduced with increase of frequency in such a way that dimensions in wave- 
length remain constant, then directivity and gain do not change. The 
advantage of the higher frequency is then the decreased size of the 
antenna. The disadvantage is the reduced range, occasioned by reduced 
effective area of the antenna (see Eq. 7) as well as by the effects in trans- 
mitter and receiver. 

8. Types of Radar Equipment. ‘To meet the requirements of a host 
of different applications, radar sets having a wide variety of character- 
istics have been manufactured. Some are designed, for example, to 
detect objects at the greatest possible range. In others, range 1s sacri- 
ficed in order that accuracy and resolution may be made as high as pos- 


1 Antenna directivity controls only the angle resolution, but there is an associated 
increase in range resolution because somewhat shorter pulses may be used when the 
frequency is increased. 
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sible. Both range and accuracy are sacrificed in still other types, and the 
equipment is made especially simple, small, and lightweight. Many sets 
have auxiliary devices attached to them or are required to work in con- 
junction with nonradar equipment in order that tasks different from the 
basic radar functions may be performed. Some idea of the variety of 
radar sets may perhaps be had from a review of several methods of 
classifying radar equipment. 

One classification scheme designates radar sets as land stations, ship- 
board sets, or aircraft radar. Fixed Jand stations are characteristically 
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Fig. 25. Example of a mobile, land-based radar set (the SC R-584) used for air search and 
fire control. The operating frequency is approximately 3,000 Meps. the pulse duration is 
0.8 us, the repetition frequency is 1,707 cps, and the peak power is 300 kw. [Reproduced, 
with permission, from Lows N. Ridenour, Radar System Engineering (McGraw-Hill Book 
Company, Inc., New York, 1947).] 
large and complex and have tremendous antennas and powerful low- or 
medium-frequency transmitters. Very great ranges are therefore pos- 
sible even with aircraft echoes, and resolution 1s moderate to excellent. 
Mobile land sets range from those which can be carrmed in several trucks 
to sets so small that one man can carry them. Reduced range and 
: “a 7 

resolution are, of course, obtained.from the smaller sets. An example of 
a mobile land-based set, the SCR-584, appears in Fig. 25. 

Shipboard sets, of which Fig. 26 is an example, cover a range of size, 
complexity, and performance nearly as great as that of land stations. 
Large naval vessels carry many different sets, each particularly designed 
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Fic. 26. Example of a shipboard set (the SC-3) used for search purposes. The set oper- 
ates in the P band at a frequency of approximately 220 Meps. The pulse duration is 5 ys, 
the repetition frequency is 60 cps, and the peak power is 200 kw. (Courtesy of General 
Electric Company.) 
for a specific function and many of complex design. Remote plan-posi- 
tion indicators are used with these sets so that the radar indications may 
be observed at several different positions on a ship. Simpler radar equip- 
ment is carried by some merchant vessels. 

Aircraft radar sets are necessarily fairly small and light in weight, 
though complicated circuit arrangements are often employed. Large 
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antennas cannot be accommodated on an aircraft, and therefore, high 
frequencies are necessary for adequate directivity. Maximum ranges 
tend to be less than those of land-based or shipboard equipment. The 
photograph of the AN/APS-4 set (Tig. 27) serves to illustrate the com- 
pact construction of aircraft sets. 
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Iie. 27.) Example of an aircraft set (the AN, APS-4) used for search purposes. The oper- 
ating frequency is approximately 9,000 Meps, the pulse duration is 0.6 us, the pulse repeti- 
tion frequency is adjustable to either 600 or 1,000 eps, and the peak poweris40 kw. (Cour- 
tesy of Bell Telephone Laboratories.) 


A second classification method is based on the functions of radar equip- 
ment. ‘There are, for example,\the wartime functions of search (scanning 
air and sea for enemy craft) and fire control and the peacetime functions 
of air and sea navigation and traffic control. In some applications radar 
equipment having very special capabilities is required—such as the 
ubility to measure very short ranges accurately, the ability to measure 
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the speed of moving objects, or the ability to deteet weak echoes from 
moving objects despite a clutter of strong echoes from near-by stationary 
objects. 

Search-tyvpe radar sets need not have exeeptional accuracy ov resolution 
but are expected to detect enemy craft at the greatest possible range. 
These sets may be further classified as azr search or sea search. Yor air 
search, the lower radar frequencies are customarily employed to provide 
long ranges despite the weak aiveraft echoes. Tor sea search and to 
detect low-flving aireraft, somewhat higher frequencies are better because 
energy of higher frequency can be directed closer to the surface of the 
ocean. 

Fire-control applications of radar place special emphasis on the 
accuracy of range and angle indieations. Resolution is necessary to 
accuracy, and therefore, fire-control sets typically operate at high fre- 
quencies and have short) pulses. Antennas are large, pulse edges are 
steep, and receiver bandwidths are great. Many special circuits are 
included to permit rapid and accurate determination of range and 
coordinate angles. Land-based equipment is used with antiaireraft guns 
and harbor-defense guns. On shipboard, a different type of fire-control 
radar 1s required for each size of gun. In aircraft, accurate radar equip- 
ment may control not only gunfire but also the dropping of bombs. 

Operation of fire-control equipment usually differs from that of search 
equipment in that a single object is tracked, and the radar set furnishes 
range and angle data for only this one object. Angle tracking consists 1n 
keeping the antenna poimted directly at the object at all times. Lobe 
switching or conical scan (see Art. 6) is used to permit accurate pointing 
of the antenna. Fange tracking cousists in adjusting a range step or 
other steep-edged waveform so that the steep edge continuously coincides 
with the front edge of the echo pulse. The tracking may be done manu- 
ally by a range keeper, a pointer, or a trainer, or it may be done auto- 
matically. In automatic tracking, error signals derived from the echo 
pulses actuate servomechanisms (Chap. V) that cause the antenna and 
range step to follow the object coordinates faithfully. In some applica- 
tions, atded tracking rather than complete automatic tracking is employed. 
The antenna is made to follow the target automatically in azimuth and 
elevation, but a range handwheel is used to control the rate at which the 
range step moves. The operator, therefore, makes corrections with the 
handwheel only when the rate of change of range 1s not constant. 

Aircraft and shipboard sets used for navigation are in many respects 
similar to the corresponding types of sea-search sets. In general, there 
is more emphasis on simplicity and low cost for sets used in nonmuilitary 
applications. Also, for close-in navigation, high resolution of near-by 
objects is important. ’ 
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Traffic control of ships in harbors, and especially of aircraft near landing 
fields or flying along established airways, can be facilitated by large, com- 
plex radar sets at fixed points on the ground. Air-trafic-control sets 
observe the positions of all aircraft in their vicinity and transmit data 
and instructions to the pilots. Special sets of this classification may be 
used to guide aircraft in approach and landing operations durmg periods 
of bad visibility. 

Effective use of radar in navigation and, especially, m the control of air 
trafic requires the coordination of radar devices with other types of 
equipment. Voice communication between aircraft and ground stations 
is essential, and a wide variety of other methods of data transmission, 
including television, have been used. Many devices are employed that 
are not exactly pulsed radar in the form described thus far, yet do have 
some of its features. 

The radio altimeter is an example of such a radarlike device. The 
pulsed type of altimeter actually 1s a low-power radar system that directs 
its energy downward in a very broad beam. ‘The surface of the earth 
below returns a strong echo, and the two-way travel time indicates the 
altitude of the aircraft relative to the ground immediately underneath. 
Another type of altimeter especially suitable for accurate measurement of 
low altitudes employs a frequency-modulated continuous-wave trans- 
mitter. The altitude determines the difference of frequency between 
transmitted and reflected waves, and the beat frequency generated is used 
as a measure of altitude. 

The classifications primary radar and secondary radar are sometimes 
made. Primary radar refers to radar sets of the tvpes already described 
in which the objects detected do not carry special equipment; the radar 
indications depend solely on natural reflections. Secondary radar refers 
to pulsed radio-location systems in which the object located carries 
special equipment for receiving pulses and, possibly, for transmitting 
reply pulses. Many of the radarlike devices emploved in navigation and 
trafhe control may be called secondary radar. 

Radar beacons are an important example. The beacon includes a 
receiver and transmitter and transmits reply pulses whenever pulses from 
a radar set are received. The replies are transmitted essentially instan- 
taneously and appear as especially strong echo pulses on the radar 
indicator. Beacon replies are distinguished from radar echoes in two 
ways: (1) The reply is usually transmitted on a different carrier frequency 
from that of the radar set. ¥hus, if the radar receiver is tuned to the 
frequency of its own transmitter, only radar echoes appear on the indi- 
cator screen. If the receiver is tuned instead to the beacon frequency, 
the radar echoes disappear and beacon replies are displayed. (2) The 


ART. S$] EQUIPMENT TYPES. 45 


beacon includes a coding unit. that modifies the reply pulses in some special 
way. In one scheme (range coding). the beacon transmits a series of 
closely spaced long and short pulses. These pulses form a dot-dash 
pattern on a ‘Type B or Type P indicator. The pattern identifies the 
beacon, and the shortest range pulse indicates the distance from radar set 
to beacon. The appearance of beacon replies on a Type P indicator 
may be seen in lig. 28. 

Radar beacons may be established at. fixed positions and used in navi- 
gation. A radar-equipped ship or aircraft ean then identify a beacon by 





Fic. 28. Beacon replies on a Type P indicator. Four beacons may be identified in the 
picture. 


its code and use the range and bearing of the beacon to determine its own 
location. In an alternate use, aircraft are equipped with hghtweight 
beacons often called transponders. Ground radar stations used for trafhe 
control may then locate and identify the aircraft more readily. ‘The code 
of the transponder reply may be used to indicate the altitude of the air- 
craft, thus reducing the requirements made of the ground station. In 
the Second World War a system of identifying friend and foe used by the 
Alhed Nations required each friendly ship or aircraft to carry a trans- 
ponder adjusted to reply with the proper code. 


a 
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A second form of secondary radar used in navigation is loran (long 
range navigation). Ships and aircraft carry special receivers that meas- 
ure very accurately the difference in time of arrival of pulses from a pain 
of transmitters. The transmitters are synchronized, and therefore the 
time difference is a measure of the difference of the distances between 
receiver and the two transmitters. The transmitter positions are known, 
and therefore the position of the receiver is known to lie on a curve drawn 
through all points of the specified difference of distances. ‘This curve 1s a 
hyperbola. To determine position by loran, the time differences of the 
pulses from at least two pairs of transmitters are determined, and the 
intersections of the corresponding hyperbolas are determined. Because 
transmission of radar-frequency waves is limited by horizon effects, loran 
uses much lower frequencies—about 2 Meps. Signals from each pair of 
transmitters may therefore be received over a large area. 

9. Block Diagram of a Radar Set. The block diagram of Fig. 29 is 
intended to link the discussion of the general features of radar in preceding 
articles with the technical circuit details treated in subsequent chapters. 
Frequent reference to this diagram during the reading of later chapters 
may clarify the relation of each small part of a radar set to the complete 
system. 

Figure 29 applies to an imaginary radar set of rather simple design. 
The antenna beam is assumed to be broad in elevation and narrow in 
azimuth, so that information needed for the Type P presentation 1s 
obtained when the antenna is rotated continuously by the azimuth 
motor. The antenna control permits stopping the motor and pointing 
the antenna in any desired direction. Thus the Type A indicator may 
be used to examine closely the echoes returned from this direction and 
make accurate range measurements using the range step. 

The repetition frequency of the system of Fig. 29 is controlled by the 
master oscillator in the modulator block. This oscillator may generate 
almost any waveform. Once in every master-oscillator cycle, the pulse- 
forming circuits in the modulator generate a high-voltage pulse of closely 
rectangular shape and short duration. This pulse is used as the plate 
supply voltage for the transmitting oscillator, and thus brief pulses of 
radio-frequency energy are generated. <A trigger pulse is also generated 
by the pulse-forming circuits and used to initiate a cycle of operations in 
the indicator. Waveforms of high-voltage pulse, transmitted pulse, and 
trigger pulse showing time relationships appear in Figs. 830A, B, and C. 

The pulse from the transmitter is conducted along a coaxial transmis- 
sion line or a waveguide.to the antenna, from which it is radiated. The 
high-power pulse passes by the receiver input line, but only a very minute 
fraction of it travels to the receiver because of the transmit-receive device. 
Shown in Fig. 29 is an anti-t-r device, used in conjunction with the t-r 
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device in many systems. Also shown is a connection from the negative 
terminal of a high-voltage supply to the t-r device. The anti-t-r device 
reduces the loss of echo power to the transmitter, and the t-r bias increases 
the receiver protection. The function of anti-t-r devices and t-r bias 
voltage is explained more fully in Arts. 10 and 11, Chap. XI. 


| (A) HIGH-VOLTAGE PULSE TO TRANSMITTER 





(8B) TRANSMITTED PULSE 


| (C) TRIGGER PULSE TO INDICATOR CIRCUITS 


ye eee 


(Ol. 1=4' -EGHO “EUESE 


| (E) VIDEO ECHO PULSE | 


a | 


| 
| (F) GATE PULSE | 
| 


geen pe 


| (G) SWEEP VOLTAGE FOR TYPE A INDICATOR | 


Onell 


| (H) RANGE-STEP VOLTAGE : 


(1) RANGE -MARKER PULSES 


Fic. 30. Waveforms in radar set of Fig. 29. 


Echo pulses returned to the antenna are conducted through the t-r 
device to the receiver. The spho pulse and local-oscillator signal are 
both apphed to the mixer, and 2 beat frequency or difference frequency is 
generated. The local saat is adjusted so that the beat frequency is 
the intermediate frequency to which the i-f amplifier is tuned. The i-f 
amplifier comprises many stages and increases the voltages of the i-f echo 
pulses in the order of a million times. The detector rectifies the alter- 
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nating current. of the i-f echo pulses and produces video pulses that follow 
the i-f pulse envelope. Simplified waveforms of i-f and video echo pulses 
are drawn in Figs. 30D and 3804. 

The automatic-frequeney-control, or afe, system in the right-hand part 
of the receiver block is provided in order that the receiver may be kept 
continuously in tune with the transmitter, despite effects of temperature 
changes, changes in transmitter loading as the antenna rotates, and so on. 
By means of an attenuator, a small fraction of the transmitted pulse in 
the main r-f line is supplied to the afe mixer. The local-oscillator voltage 
also is applied to this mixer. The afe and main mixers function in the 
same way, except that almost no echo power is supplied to the afe mixer 
—the afe system is operated by the transmitted pulses. The 1-f pulses 
in the afe svstem are amplified and applied to control circuits that gen- 
erate a direct voltage dependent on the frequeney of the pulses. This 
voltage tunes the local oscillator. If the i-f pulses have the correct fre- 
queney, the direct voltage has a value that merely maintains the local- 
oscillator frequency. If the i-f pulses have too high a frequency, the 
direct voltage changes and shifts the local-oscillator frequency in the 
direction to reduce the intermediate frequency; too low an intermediate 
frequency causes the opposite shift of local-oscillator frequency. 

Video pulses from the receiver are applied to both indicators. Con- 
sider first the Type A indicator. Video signals are applied to one pair of 
deflecting plates in the cathode-ray tube and cause vertical motion of the 
spot on the screen. The sweep voltage is applied to the horizontal- 
deflection plates to produce the Type A presentation. This voltage is 
obtained from a sweep-generating circuit that is controlled by a rec- 
tangular pulse from the gate-pulse generator. Waveforms of gate-pulse 
and sweep voltages appear in Figs. 30F and G. The leading edge of the 
eate pulse is timed by the trigger pulse from the modulator, and the dura- 
tion is determined by the gate-pulse generator itself. The gate-pulse 
determines the start and end times of the sweep, and the sweep generator 
controls the rate of rise of the sweep voltage. The gate pulse 1s used also 
as an intensifying pulse. It is applied to the grid of the cathode-ray 
tube so that the spot will be formed on the screen only during the sweep 
time, thus eliminating signals that occur durmg the return trace of the 
spot. A third function of the gate pulse is to control the range-step 
eenerator. This circuit measures time from the leading edge of the gate 
pulse and forms a step of voltage, as shown in Fig. 30//, after an accu- 
rately controlled interval. The step voltage is added to the echo pulses 
in the video amplifier. The step can be adjusted by the step control 
until it coincides with an echo of interest, and the range of the object 
causing the echo read from calibrations on the step-control dial. 

In the plan-position indicator, deflection of the electron beam of the 
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cathode-ray tube is produced by the magnetic field of the deflection coil. 
Video signals are applied to the grid of the cathode-ray tube so that they 
increase the intensity of the luminous spot. The spot is deflected in two 
ways: (1) It is moved from the center of the tube to the edge at a definite 
rate to indicate range. This motion is produced by current in the deflec- 
tion coil controlled by a sweep generator. The sweep generator is 
similar to the one in a Type A indicator but employs driver tubes having 
a power capability of several watts to furnish the saw-tooth current wave 
to the coil. (2) The radial line caused by -range sweep of the spot is 
rotated around the face of the tube as the antenna turns in azimuth. In 
Fig. 29, this rotation is aecomplished mechanically by making the deflec- 
tion coil revolve about the neck of the cathode-ray tube. An azimuth 
synchro (discussed in Chap. V) is geared to the antenna and renerates 
voltages dependent on angular position. These voltages, applied to 
another synchro in the azimuth servomechanism, cause the servo motor 
to rotate the deflection coil in correspondence with the antenna. To 
make approximate range measurements possible with the Type P indi- 
cator unit, the range-marker circuit is provided. This circuit is con- 
trolled by the gate pulse and generates a series of evenly spaced narrow 
pulses, as shown in Fig. 307. These pulses are combined with the video 
signals and appear on the indicator screen as a series of concentric circles 
indicating known values of range. Use of an intensifying pulse is essen- 
tial with an intensity-modulated presentation to ensure that the luminous 
spot disappears between sweep intervals. Lherefore, the gate pulse is 
combined with the other signals in the video amplifier. 

Most of the functions accomplished by the circuits of ig. 29 can be 
accomphshed in a number of different ways, only one of which is pre- 
sented in Fig. 29. Other possibilities are discussed in later chapters. 
Of general importance is the over-all timing system. With respect to 
timing, the circuit of Fig. 29 can be called a master-oscillator system, 
because a master oscillator controls the repetition rate. Some triode 
transmitters are self-pulsed; that is, the transmitter automatically oper- 
ates in short bursts (Art. 12, Chap. ) and no modulator or master 
oscillator is needed. Other systems employ modulators in which a pulse 
is produced each time a spark occurs between a pot on a rotating wheel 
and a fixed pomt (Art. 8, Chap. If I). Systems of these types are some- 
times called self-synchronous. In them a trigger pulse must be derived 
irom the transmitted pulse to time the indicator circuits. The master- 
oscillator system has an advantage in flexibility. For example, in it the 
trigger pulse for the indicator circuits may be made to occur a definite 
time earlier than the transmitted pulse to make up for delays in the 
indicator circuits. On the other hand, the self-synchronous system is 
often simpler. Furthermore, erratically variable delays that occur in 
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some modulator cireuits can affect the range accuracy of a master- 
oscillator system unless the indieator trigger 1s derived from the frans- 
mitted pulse rather than directly from the master-oscillator output. 

The operating controls for the radar set in Vig. 29 are indicated mn the 
figure by small circles. The operation and functions of these controls 
may be outlined as follows: 

Power Controls. Power to all circuits except the modulator and trans- 
mitter plate-voltage supply is controlled by the main on-orr switch. 
An additional switch is provided for the transmitter high voltage in all 
but the lowest power sets, because the cathodes of the power tubes must 
be allowed to heat before the high voltage is applied. Often a time-delay 
relay is ineluded to prevent closing the high-voltage circuit too soon. 

Type A Indicator Controls. The intensity and focus controls permit 
adjustment of the indicator-tube voltages for an easily visible, sharply 
defined range trace. Too great intensity causes a glow to surround the 
trace and prevents sharp focus. Most sets provide several different 
range sweeps, and the range selector is used to choose a long-range sweep 
for observation of echoes from distant objects or a short-range sweep for 
detailed examination of near-by objects. The selector control adjusts 
both the gate-pulse generator and the sweep generator. ‘The gate-pulse 
duration must always correspond to the maximum range of the sweep m 
use, and the sweep generator must produce a faster spot motion on the 
shorter range sweeps. The sfep control, as previously explained, deter- 
mines the range at which the step occurs and permits accurate range 
measurement. 

Plan-position-indicator Controls. The range selector, focus, and inten- 
sity controls function in the same manner as the corresponding Type A 
indicator controls. A different adjustment of intensity is used, however. 
With the receiver gain control set for minimum gain the intensity 1s 
adjusted for about the threshold of visibility of the range trace. When 
the gain is increased, echo pulses brighten the trace in spots and indicate 
the location of objects. If the receiver gain is made high, so that weak 
echoes produce visible indications, there is a possibility that strong echoes 
may cause too intense a spot that spreads out from its proper position and 
obscures weak echoes. To avoid this effect, the final video-amphiier 
stage includes a means of limiting the amplitude of strong signals and the 
contrast control adjusts the point at which limiting occurs. It serves as a 
maximum-intensity control and miay be set for a high intensity to nerease 
the contrast between strong-signal and weak-signal indications or low 
intensity to increase the visibility of weak-signal indications. ‘The 
marker control may be simply an on-orr switch so that marker pulses can 
be made to appear only when wanted, or it may be a control to provide 
any desired intensity of marker pulse. 
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Recewer. In order for echo signals to be observed, the local oscillator 
of the receiver must be correctly tuned. Some types of afe circuits, when 
operating properly, will accomplish the tuning automatically as soon as 
the afc switch 1s set to on. Other types require that the receiver first be 
tuned manually with afe off. If the afe switch is then turned on, the 
tuning 1s maintamed automatically. When manual tuning is required, 
the focus and intensity of the indicators must first be adjusted and 
the receiver gain increased until either echo signals or noise pulses are 
observed. The manual-tuning control is then adjusted for maximum 
amplitude of the echo pulses. If the signals are strong, the gain must be 
decreased as the tuning progresses in order that the variation of signal 
strength with tuning may be observed. 

Correct use of the gain control is important in obtaining maximum 
information from a radar display. If weak signals are to be detected, a 
high gain is required so that discernment of signals may be limited only 
by noise. Visibility of weak signals depends upon the combination of 
the setting of gain, intensity, and contrast controls, and considerable 
experience with a particular set is required in order to adjust the controls 
to best advantage. If angular resolution is wanted, the gain must be 
set as low as signal visibility permits. Otherwise, the echo indications 
spread out in azimuth because the edge of the antenna beam is not sharply 
defined. Generally, the various parts of a single range trace should be 
viewed with different gain settings—high gain makes the weak echoes at 
long range visible, and low gain helps to resolve the many different strong 
echoes at short range. 

Components of two very different kinds make up the radar set of Fig. 
29. The low-frequency components are electric circuits made of resistors, 
capacitors, inductors, vacuum tubes, motors, and so on, not unlike the 
many circuits widely used for power and communication. Such circuits 
as these appear in the modulator, indicators, receiver, and power supply 
and in the devices used to control the antenna azimuth motor. The 
radio-frequency components, on the other hand, are devices in which the 
ordinary circuit parameters do not appear separated from one another. 
hese components include transmission lines, waveguides, antennas, and 
the special tubes employed in microwave radar. These tubes are dis- 
tinguished by the important part the time of transit of electrons within 
the tubes plays in tube operation and by the resonant cavities built into 
the tubes to serve as tuning elements. 

In accordance with this divisioly of radar-set components, the remaining 
chapters of this book may be divided into two parts. Chapters II 
through VI deal with low-frequency components. Chapter IT, “Timing 
Circuits,” explains the basic principle of a class of circuits much used in 
radar, especially in indicators and modulators, and the next four chapters 


Arr. 9] BLOCK DIAGRAM - 53 


make appheation of these principles. Chapters VII through NTIT dis- 
cuss the radio-frequeney components, beginning with  prineiples in 
 Radio-frequeney Lines” and “Waveguides” and detailing the appliea- 
tions in the subsequent ehapters. The final chapter, “ Propagation,” 
extends ideas about radio waves beyond the radar set itself and considers 
the propagation of energy from set to a refleeting objeet and back. 


CHAPTER II 
TIMING CIRCUITS 


Vhe majority of low-frequency circuits in a radar set serve a timing or 
control function. These circuits produce a variety of voltage waveforms 
such as saw-tooth waves, trapezoidal waves, rectangular pulses, and sharp 
peaks, and the tubes in these circuits are usually violently overdriven, the 
operating pomt moving from far below cutoff to the region of grid current. 
All these circuits are broadly known as &iming circuits, though many of 
them may be more specifically classed as modulator circuits, indicator 
circuits, range-measuring circuits, or even receiver video circuits, depend- 
ing upon ther particular functions. The present chapter 1s concerned 
with the principles of all timing circuits and provides a foundation upon 
which discussions of special circuits in later chapters are built. 


A. CLIPPING CIRCUITS 


Because amplifier tubes in timing circuits usually operate with input 
signals and bias voltages that cause plate current to be completely cut off 
during a part of the cycle or grid current to flow during another part 
or both, the output waveform is seldom a reproduction of the input. 
Instead, certain portions of the input wave are completely missing from 
the output. Tubes in such ctreutts are said to be overdriven, and the 
waveforms produced are said to be clipped. Diodes also are useful for 
clipping because they conduct current in only one direction. 

1. Clipping with Diodes. Figure Lal is the circuit diagram of a simple 
diode clipper. The input voltage is e;, and the output voltage e,. The 
load connected to the output terminals is assumed to have a very high 
impedance, so that the output current is negligible. The series resistance 
ht, 1s necessary to make possible an output voltage different from the 
input voltage. In some circuits a physical series resistor is used; in 
others /?, is the internal resistance of the source of input voltage. 

If the input voltage e; 1s less than the battery voltage / at any instant, 
the net voltage in the circuit tends to send current from cathode to plate 
through the tube. Thus, the tube behaves as an open circuit, no voltage 
drop occurs across Fy, and the output voltage e, equals e;. If e; rises 
above HL, the net voltage sends current from plate to cathode through the 
diode, and the diode behaves as a short circuit connecting the top output 
terminal to the positive battery terminal. The output voltage equals £, 
and the difference between e; and FE appears as a voltage drop across Rx. 

o4 
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If any input voltage wave, such as e; in Fig. 1B, is applied to this circuit, 
the output voltage follows the input whenever both are less than / but is 
limited to the voltage # whenever the input exeeeds this amount. In 
this way the positive peaks of the input wave are clipped at a voltage 
level set by the battery. 





(A) CIRCUIT DIAGRAM 


(8) WAVEFORMS 


Fie. 1. Diode clipper. 


So far the diode has been assumed to behave as a short circuit when 
conducting. ‘This assumption is justified only if R, is very large com- 
pared with the resistance of the diode. he séatic, d-c, or average plate 
resistance of the diode is defined as 


l(a (1) 


where 
é, is the plate voltage of the diode, 
1s the plate current of the diode. 


This resistance is nonlinear; that is, its value changes as % and e change. 
As an approximation, 7, 1s often assumed to have a constant value when- 
ever € 1S positive. 

To see the effect of this resistance, suppose that PR, in Fig. 1 is 4,500 
ohms (4.5 Ix), and that 7, for the diode is 500 ohms (0.5 K). The current 
owing when e; is greater than Z is then 

Cea Lh a ie) 


f= Ste a ma 
4.5 + 0.A D 


where e; and £ are in volts,! and the output voltage is 


‘In calculating the small currents encountered in electronic circuits, convenient 
units to use are volts and kilo-ohms, the currents being found in milliamperes. This 
set of units and other similar combinations are jsed frequently in numerical examples 
in this text. 


D0 TIMING CIRCUITS [(Cuap. II 


a Paglia 
=E+e@=h+in=E+ 70 (2) 


Equation 2 shows that a fraction of the excess voltage of e; over #—in 
this example 1/4 9—is added to H# in the output voltage. If effective 
clipping 1s to . had, R, must be very much larger than 7. In the 
example, if 2; were changed to 0.5 megohm, only 1/1,000 of e; — & would 
appear in the output and es would occur ont exactly at the 
voltage £#. 

The method of indicating directions of currents and voltages on dia- 
erams should be noticed. In Fig. 1A the arrow near 7 does not indicate 
that current must flow in the direction of the arrow; rather, it means that 
if current is in that direction, it is called poszéwve; if in the reverse direc- 
tion, it is called negative. Because of the diode, current can flow only m 
the direction of the arrow. Therefore, 2 must always be positive or zero 
in this circuit. Similarly, the voltage e; is called positive if the potential 
at the end of the arrow marked with a dot is positive relative to the 
potential at the other end of the arrow. Voltage e; is called negative if 
the dotted end is at a negative voltage relative to the other end. ‘The 
dots by the e, @, and # arrows have a similar meaning. The plus and 
minus signs by the battery indicate the actual battery polarity. 

2. Clipping with Amplifiers. The circuit diagram of a simple over- 
driven amplifier appears in Fig. 2A. Though a triode tube ts shown, the 
principle of operation is the same if a tetrode or a pentode is employed. 
The series grid resistor R, may be a physical resistor or the internal resist- 
ance of the source of signal. 

The notation for tube currents and voltages ts indicated mn Fig. 2A. 
The symbols are defined as follows: 

é, 1s the plate voltage, measured with respect to cathode. 

e, is the grid voltage, measured with respect to cathode. 

w 18 the plate current. 

1, 1s the grid current. 

All these symbols stand for ¢éotal instantaneous values, that 1s, actual 
voltage or current at any instant, not merely an a-c component. Refer- 
ence directions are chosen so that e (or e,) is a positive number whenever 
the plate (or grid) is actually positive with respect to the cathode and 
% (Or 2-) 18 & positive number when conventional current flows mn the 
direetion of the arrows. These standard symbols are used throughout 
this text. & 

The numerical values mndicated in Fig. 2A are typical and are to be used 
in an illustrative example: Yor the example, assume the input voltage 
e; to be a sine wave of 100-volt peak value, as shown in Fig. 2B. 

The grid-cathode path of the tube and resistor R; form a diode clipper 
like that of Fig. 2A, but with # = 0. ‘Therefore the positive peaks are 
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removed trom the wave of e;, while the negative peaks are unaltered, and 
the voltage actually apphed to the grid ts the wave of e. shown in Tig. 2B. 
The eliminatiou of the positive half of the grid-voltage wave because of 
erid current is called grid-crreuit clipping. 
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(C) PLATE CHARACTERISTICS OF 6SN7 (B) WAVEFORMS 


Tig. 2. Amplifier in which grid-circuit and plate-circuit clipping oceur. 


The amount by which the grid voltage rises above zero in spite of the 
clipping may be determined in the same way as the rise of e, above / was 
determined for the diode clipper... The sfatzc, d-c, or average grid resist- 
ance 1s defined as 

Ec 
Le SS (©) 

le 
that is, the static grid resistance is the ratio of fotal grid voltage to total 
grid current. Like 7, of a diode, this resistance is nonlinear. Its value 
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depends upon both the grid voltage and the plate voltage. However, if 
the grid voltage of a small receiving-type tube is positive, and if the plate 
voltage (or screen-grid voltage of a tetrode or pentode) is at least three or 
four times as large as the grid voltage, then a useful approximation is 
obtained by considering r, to be constant. For one triode section of a 
Type 6SN7 tube, r, is approximately 1,000 ohms; for other small receiv- 
ing-type tubes, the value of r. 1s not greatly different. 

Application of the approximation r, = 1,000 ohms to the example of 
lig. 2 shows that, during the positive half cycle of the e; wave, the input 
voltage is applied across resistances of 100 IK and 1 Kin series. The part 
of the voltage that appears across the 1-K resistor is the grid voltage and, 
by the voltage-divider relation, has a peak value of approximately 1 volt. 

The grid-voltage waveform, which is now known, may be used with the 
plate characteristics and load line of Fig. 2C to determine plate-current 
and plate-voltage waveforms. <Any load that may be connected to the 
output terminals 1s assumed to be of such high impedance that its current 
is negligible. Therefore, resistor R;, determines the slope of the load line. 
Values of e, at various points of the waveform may be referred to the load 
line, and corresponding values of 7% and e, determined. The essential 
features of the output wave may be found by use of only two or three 
points as follows: 

Point A. e, = 0. Values of e and % for point A in Fig. 2C determine 
points A in the waveforms of e, and % of Fig. 2B. The plate voltage is 
much less than the plate supply voltage because the plate current causes a 
large voltage drop across the load resistor. 

PointB. e, = —E. The negative grid voltage that is just sufficient to 
cut off plate current is called the cutoff grid voltage, and its magnitude is 
denoted by #,.. In Fig. 2, Eo equals 18.5 volts. A convenient method 
for determining the cutoff portion of the output waves is to draw a line on 
the e, wave at the cutoff voltage and to project from intersections with 
the waveform, as indicated in the figure. 

The value of the cutoff voltage is best determined from the plate 
characteristics, as done here. If characteristics are not available, the 
following approximate relation may be used for triode tubes: 


e, at time of cutoft 
ee =e U 


(4) 


where p» is the amplification factor of the tube. For the Type 6SN7 tube, 
uw = 20 and, in the example eiven, e, at the time of cutoff is the plate 
supply voltage, 300 volts.| Therefore, Eq. 4 gives a cutoff voltage of 
—15 volts which may be compared with the actual value, —18.5 volts. 


1In circuits containing inductances or capacitances, the value of e, at the time of 
cutoff is not necessarily the plate supply voltage. 
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The changes of 2, and e, between points A and B are so rapid that it, is 
sufheiently accurate to draw straight lines connecting these points. Thus 
the entire plate waveforms are determined except for the portions between 
pomts A. These remaining portions are very nearly horizontal lines. 
Their actual shapes may be determined by locating an additional point on 
the load line. 

Point C.  e, = maximum positive value (+1 volt in the example). 
This point indicates the maximum value of plate current and minimum 
‘alue of plate voltage and determines the deviation from a straight line of 
the portions of the waveforms between points A. 

The flattening of the top of the c waveform is the result of the grid 
voltage going below the cutoff value and is known as plale-current-culoff 
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clipping. The combination of grid-circuit clipping (to flatten the top of 
the grid-voltage wave and bottom of the plate-voltage wave) and _ plate- 
current-cutoff clipping (to flatten the top of the plate-voltage wave) results 
in converting a sinusoidal input wave into a nearly square output wave. 
By use of a second amplifier stage of the same type, an almost perfect 
square wave can be obtained. 

A second example of clipping is afforded by the circuit of Fig. 3A to 
which the saw-tooth wave e; of Fig. 36 is applied. This example shows 
that a bias voltage in the cathode circuit changes the voltage level on the 
grid-to-ground input wave at which grid-circuit clipping occurs, yet the 
erid-to-cathode voltage for clipping is still zero. (The waveform of e, 1s 
the same as the waveform drawn for e.n, but with the zero axis moved to 
the +; line.) 

The equivalent circuit of Fig. 4A is sometimes useful in analyzing a 
clipping amplifier. The switch S; is open when the grid voltage 1s nega- 
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tive and closed when grid voltage is positive. The plate-circuit switch 
S» is open when the grid voltage is below cutoff and closed otherwise. 
The resistance r, and voltage #, are chosen to stmulate the tube character- 
istics during plate-current flow. 

To see how the plate circuit of a tube 1s represented by a resistance and 
a battery, assume that in a particular circuit /, = 20 volts andr, = 7.95 K. 
The relation between e¢ and t% in the equivalent circuit of Fig. 4A when 
switch S» 1s closed 1s then 


e, = 20 + 7.5%, (5) 


Where 7 1s in milliamperes and @ in volts. <A plot of Eq. 5 1s the dashed 
straight line in Fig. 4B which intersects the e, axis at 20 volts and has a 
slope of 1/7.5 ma per volt. The values chosen for £, and r, make this 
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lig. 4. Equivalent circuit for overdriven tubes. 


line very nearly coincide with the e, = 0 line of a Type 6SN7 triode over 
the range between points A and B in the figure. Therefore the equiv- 
alent circuit using these values of r, and £, simulates an overdriven 
GSN7, provided that only the following two operating conditions of the 
tube are important: (1) plate current cutoff (switch S» open) and (2) 
plate current flowing (switch S» closed) with e, = 0 and e between the 
values corresponding to pomts A and B. 

Resistance r, 1s essentially the reciprocal of the slope of the plate- 
family curve approximated by the straight-line characteristic of the 
resistor and battery. Thus r, is the usual dynamic, a-c, or incremental 
plate resistance defined by & 
= de, 


dry Cre=const 


(6) 


The value of 7, varies from point to point in the plate family, but within a 
reasonably small region of the characteristics a good approximation is 
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had by assuming r, to be constant and /, to change when a shift from 
one constant-e. curve to another ts made. ‘The meremental plate resist- 
ance ry, must. be distinguished carefully from the statie plate resistance 
ry = Co/t» The meremental resistance pertams to the slope of the plate 
curves, while the statie resistanee has to do with the slope of lines from 
the origin of the plate family to pomts on the curves. The statte resist- 
anee is seldom useful beeause its value changes greatly when the operating 
point 1s changed. 

Sometimes the series grid resistance mn eireuits like those of Figs. 2.4 
and 3-1 1s very small, so that httle gmd-eireuit chpping occurs, large grid 
eurrents flow, and the gmd voltage reaches large positive values. The 
bottom of the e wave is still flattened, however, beeause of nonhlnearity im 
the plate cireuit. No matter what voltage is apphed to the gmd, the 
plate voltage can never be reduced entirely to zero, for at least a small 
positive plate voltage is needed to produce the plate current that causes 
the voltage drop in the load resistor. ‘Therefore, the plate-voltage wave- 
form flattens along a line a little above the zero axis—the Ingher the value 
of R,, the more nearly the plate voltage approaches zero. Clipping of 
this kind is sometimes said to be due to plate-current saturation. Plate 
eurrent 1s limited not by emission of the cathode but by the plate supply 
voltage and load resistor—no matter how low the resistance of the tube 
is made, the plate current cannot exceed Hy/ir. 

3. Clipping with Cathode Followers. ‘The range of grid-voltage varia- 
tion within which linear operation occurs is much wider for a cathode 
follower than for an amplifier. Nevertheless, signal and bias voltages 
applied to cathode followers in radar circuits are frequently such that 
clipping occurs. As an example, consider the circuit of Fig. 5A and the 
300-volt (peak value) input sine wave shown in Fig. 5B. Resistor FR, 
may be either the internal resistance of the source of signal or a physical 
resistor. Because the grid-to-ground voltage 1s not the same as the gmd- 
to-cathode voltage, the symbol e., 1s used for the grid-to-ground voltage; 
e. 1s reserved for the grid-to-cathode value. 

Assume that no appreciable current is taken from the output terminals. 
The load line for the cathode follower with A, = 25 Ik may then be 
drawn asin Fig. 5C. Note that the load line 1s constructed exactly as for 
an amplifier—the current that flows through the tube and load resistor in 
series, for a given value of grid-to-cathode voltage, is not affected by the 
order of connection of the tube and resistor. 

The use of the load hne with a cathode follower is not so simple as with 
an amphfier because the grid-to-cathode voltage is not directly known; 
e, is the input voltage minus the unknown output (cathode) voltage. 
The load line may, nevertheless, be used to plot the output-input charac- 
teristic of Fig. 5D, and from this curve’values of e, for given values of e; 
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may be read.! To obtain the output-input characteristic, assume values 
of e,, and calculate and plot corresponding values of e, and e,;. For 
example, 1f e, = 0, the point of operation is point A on the load line and 
% =86ma. Therefore e, = 25 X 8.6 = 215 volts.2. Because e, = 0 at 
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this point, e, and e; are each 215 volts also, and point A may be plotted as 
in Fig. 5D. If e, is reduced to approximately —18.5 volts or beyond, 
plate current is cut off, e, = 0, and e; = e.. Thus the cutoff point B is 
located, and the curve to the left of point B in Fig. 5D lies along the 
horizontal axis. Points between A and B, such as point C, may be 


‘If ex is to be found for only one or two given values of e;, a shorter method is a 
trial-and-error calculation. Assume values of e., determine 7 from the load line, 
and calculate e, and e;. Repeat until the given value of e; is obtained. 

>In most of the calculations in this text, all the significant figures obtainable 
from a 10-in. slide rule are recorded in order to make the calculations easier to follow. 
The number of significant figures is not an indication of the accuracy of the result. 
because of variations in tubes and other circuit elements, and because of the approxi- 
mations made in the calculations, errors of 10 to 25 per cent may be expected 
frequently. 
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located stmularly. Points beyond A correspond to positive values of 
e,; therefore, grid current must be considered in locating them. Tor 
erample 1 @. = 0.1 volt (pomt D in Fig. 5C),'%, = 8.65 ma.and e, = 216 
ree aft, = 1 Sa = 0. indsand 


ce; = 10%, te. te= 0.1 * 500 + 0.1 + 216 = 266 volts 


Point Dis plotted in Fig. 5D. 

The waveform of e, m lig. 52 is obtamed pomt by pomt by entering 
the characteristic of Fig. 5) with values from the wave of e;. The same 
clipping effects produced in overdriven amplifiers may be observed in the 
waveform of ex. Note, however, that polarity inversion does not occur in 
a cathode follower, and therefore gnd-cireuit chpping affects the positive 
portion of the wave, and plate-current cutoff affects the negative portion. 
Observe that cutoff occurs at the same pomt on the input wave for a 
cathode follower as for an amplifier, because for this point e is zero for 
the follower. Observe, also, that grid-eircuit clipping begins when the 
grid-to-cathode voltage (not the input voltage) rises to zero. Because the 
cathode voltage is positive, grid current does not flow in the circuit of 
Fig. 5A until the input (grid-to-ground) voltage rises to +215 volts. 

The cathode-follower characteristic of Fig. 5D is very nearly linear in 
the region between pomts A and 6. In fact, for many purposes sufficient 
accuracy 1s obtained by locating pomts A and B and drawing a straight 
line between them. ‘The slope of the output-input characteristic in the 
linear region is the voltage amplification, or ratio of a change in output 
voltage to the corresponding change m input voltage. The amplification 
is always less than unity because a change of output voltage ce, requires a 
change of e. to produce it, and the change of the input voltage is the sum 
of the changes of e; and e.. 
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Fic. 6. Equivalent circuits for cathode follower operating within its linear range. 


The value of the voltage amplification may be found from either of the 
equivalent circuits of Fig. 6. The current-source equivalent circuit (Hig. 


1 Use of the load line in this calculation requires that the grid current be much less 
than the plate current in order that the effect of grid current in the cathode resistor 
may be neglected. In the example, 7. = 0.1 ma, and 7% = 8.65 ma. 
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6A) is obtained directly from the equation of linear operation of an 
amplifier-type tube:! 


l 1 e 
Ath = gnAe, + — Ae or ln = Gm€g + — Cp (7) 
lp lp 
where Ae, or @, 18 a change in grid voltage, Ae or e, 1s a change in plate 
voltage, and Aw or 27, 1s the corresponding change in plate current. 
Replacing Ae, and Ae, by their equals Ae; — Ae, and — Ae, results in 


Ath = Gmhe; ees (8) 
Equation 8 states that the output current Az 1s the current g,,Ae; pro- 
duced in a generator controlled by the input voltage, reduced by the cur- 
rents 1n resistors of values 1/g,, and ry. ‘Therefore, an equivalent circuit 
for a cathode follower is the one shown in Fig. 6A. 

The voltage-source equivalent circuit of Fig. 66 may be obtained from 
Vig. 6A by means of Thévenin’s theorem. According to this theorem, 
the portion of the circuit to the left of points P and Q may be replaced by 
a resistance equal to the resistance between P and Q in the part replaced 
(measured with all voltage sources short-circuited and all current sources 
open-circuited) in series with a voltage source equal to the open-circuit 
voltage between P and @. The resistance is 1/g» in parallel with rz, 
which equals r,/(u + 1). The open-circuit voltage is 





Ogle ene Ae; 


lL 
p + 1 out] 
and thus the circuit of fig. 66 3s obtained. Both circuits in Fig. 6 apply 
only m the linear operating range of the tube, that is, between points A 
and 6 on the ez, e; characteristic.’ 
Either of these circuits may be used to find the voltage amplification A 
of a cathode follower. For the 6SN7 in the example of Fig. 5, 1 = 20 and 
= 7.5 kk. Therefore, according to the circuit of Fig. 6B, 


20 25 


Ae, = ~ Ae; 





20 +1 35+ (775/720 +1 
Or 
Ae; 
A= = = 008 (9) 


~ 
1'This equation may be applied’t in a similar fashion to determine equivalent circuit 
for amplifiers and for many ‘special circuits, such as single-tube phase inverters. 
See Art. 7, Chap. IV. 
2'The reals may be applied to the region above point A, provided e; is replaced 
by é-, and provided grid current is very small compared with plate current. 
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Data from Fig. 5D show the average amplification over the entire range 
between points A and J to be 


AC}. ali . 
7 = — = = (ie) 
N@ wiats 2154+ 18 


This average value is a little less than the value given by Eq. 9 because 
the tube is not exactly linear over the whole range, and the vale in loq. 9 
is for an operating point near .A where the ex, e; curve has its steepest slope. 

Note that amplification apphes to changes of voltage, not to actual 
values of voltage. The statement that a cathode follower has an ampht- 
fieation less than 1 does not mean that the output voltage ec, ts less than 
the input voltage e;. Rather, c; is greater than e; as long as the grid-to- 
cathode voltage is negative. 

According to the equivalent eireuit of Fig. 64, a cathode follower may 
be considered as a voltage souree having an internal resistance 7,/(u + 1). 
This resistance is less by the factor 1/(u + 1) than the plate resistance of 
an amplifier tube. For the GSN7 it is 7,500/21 = 357 ohms. Of course 
the output resistance of the circuit of Fig. 5A is slightly less, because by 
Thévenin’s theorem it is the internal resistance of the tube in parallel 
with the 25-Ix load resistor, or 352 ohms. 


The physical meaning of the low internat resistance of a cathode ) 
follower is that the output voltage is very nearly independent of the cure | | 


rent taken from the output terminals. If, for example, the follower is” 
operating at point C with an output voltage of 125 volts and an additional 
load of 10 ma is connected to the output terminals, the decrease of output 
voltage is only 0.010 X 352 = 3.52 volts. Notice particularly that the 
internal impedance is low only in the range between points A elie aoe 
the cathode follower is cut off by a large negative input voltage, the tube 
itself becomes an open circuit, and the output impedance of the complete 
circuit in Fig. 54 is that of the cathode resistor, 25 Ix. 

The input resistance of a cathode follower is sometimes of interest. 
If the erid-to-cathode voltage is positive, as at point Din Fig. 5, the input 
resistance is rather low and causes grid-circuit chpping. However, the 
input resistance is considerably higher than r,, and therefore erid-circult 
clipping with a cathode follower is less nearly perfect than that obtamed 
with an amplifier. 

An equivalent input circuit is drawn in Fig. 7. The switch S is included 
because grid current flows only when e; exceeds the voltage &. ‘L’o under- 
stand why the battery and the resistor appear in lig. 7, consider the 
example of Fig. 5 in which, for operation at point A of Vig. 5D,e. = 0 and 
€: = 6, = 215 volts. Grid current is zero for @en = 219 volts and 
increases nearly in proportion to the excess of €cen over 215 volts when @en 18 
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increased. 
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This characteristic 1s the reason for representing the grid 


circuit as a 215-volt battery in series with a resistance. 


Rs (500K) 


es 0 


AS @en Increases above 215 volts, e; in 
Fig. 5A increases, but the battery volt- 


Fy : barat -, age & = 215 volts in Fig. 7 remains 
constant. ‘Thus the voltage e, across r, 

sy a in Fig. 5A is less than the voltage e., — H 
KA across the resistor in Fig. 7. In order 

that the current in the equivalent grid 

an: PONT A(2isy) CiTCUit equal the actual grid current, the 

resistor in Fig. 7 must therefore be larger 

lic. 7. Equivalent cape circuit for than the grid-to-cathode resistance. 


The magnitude of the larger resistance is 
obtained as follows: Let e., = H+ Aeen; 
that 1s, let Aéen be the excess of e,, over E. Then e = E+ A Leen, 
where A is the amplification of the follower in the region of grid-current 
flow. ‘The grid voltage e, is @on — e, = Aé.n(1 — A), and therefore 


Co Aéen(l — A)  €en — EB 
Te Pe ~ te/(1 — A) ee sal) 


Lhe resistance used in Fig. 7 is 7,/(1 — A) in order that the current in the 
equivalent circuit may equal the actual grid current given by Eq. 10. 
In the example of Fig. 5, grid current has little effect upon amplification, 
and therefore A is nearly 0.94, the value obtained from the linear equlv- 
alent circuit and Eq. 9. The approximate value of r,/(1 — A) is thus 
1/Q. — 0.94) = 16.6 K. 

If a resistor is connected between grid and cathode, its value must be 
multiphed by this same factor 1/(1 — A) in a calculation of the equiv- 
alent input resistance of the circuit. Sometimes a resistor is connected 
between grid and a tap on the cathode resistor.! Its apparent value is 
then increased in the same way, but by a smaller amount. The factor 
1/(1 — A) may still be applied if A is now the ratio of changes of voltage 
at the tap point to changes of input voltage. 


cathode follower. Numerical values 
apply to circuit ot Fig. 5A. 


i, = (10) 


B. R-C CIRCUITS 


Tubes and resistors alone cannot produce all of the waveforms required 
by radar sets. ‘lo determine the slope of a saw-tooth wave, the duration 
of a gate pulse, or the repetition frequency of a trigger pulse, some means 
of controlling the variation of .a voltage with ézme is needed. A simple 
means 1s the charging or dischar ging of a capacitor through a resistor or a 
tube. Thus A-C circuits occur frequently in radar systems. 


' The reason for using such a connection is explained in Art. 11. 
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4. Transients in R-C Circuits. Figure 8 illustrates the waveforms 
obtained in #-C circuits. Capacitor C in the circuit of Fig. 8.4 is assumed 
to be intially uncharged. Closing switch S causes the voltage e; to 
jump suddenly from zero to the battery voltage #, as shown in Fig. 8B. 
Because the voltage across a capacitor cannot change instantly,! the 
entire voltage / appears across ? at the first instant after S is closed, and 
none of 1f appears across C—see the waveforms of erg and ec. The voltage 





(A) CIRCUIT 


(8) WAVEFORMS 


Fie. 8. Circuit illustrating R-C transients. 


across /t causes current to flow, and therefore, after the initial instant, C 
charges and ec rises. As the charging continues, the voltage available to 
send current through the resistor decreases, and therefore the current and 
the rates of change of voltages er and ec decrease. In fact, the slope of 
the er curve is at each point proportional to the ordinate because 


dép a, dec | dq - 1 er/R _ ] 


— 
es comme oe 


a © dt Cu C’ GC ee 





Cr (11) 


where g 1s the charge on C, q = Cec, and 72 is the current through the 
circuit. 

Because er decreases with time in this particular manner, it may be 
represented by the exponential relation 


e= Ke’ (12) 


1 Mathematically a zero-resistance battery suddenly connected to an uncharged 
capacitor would charge the capacitor instantly. However, all actual circuits have 
resistance; this resistance makes it impossible to ‘change a capacitor voltage instantly, 
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where 

eis the value of an exponentially varying voltage at any time £, 

ff 1s the value of e at the initial instant ¢ = 0, 

eis the base of natural logarithms, 2.718 ... , 

71s a constant, called the tame constant. 
Differentiation shows that the graph of e = Ke-‘/”, like the curve of eg, 
has a slope proportional to its ordinate, for 


de ee 
Therefore er 1s an exponential voltage. Comparing Eqs. 11 and 13 shows 
that the time constant of ez is 
re (14) 


A sketch of e = He” is drawn as an insert in Fig. 9. Exponential 
transients occur so frequently that it is useful to memorize the values 
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indicated on this sketch. A plot of Eq. 12 for unit value of E is included 
as the main part of Fig. 9. This plot is sufficiently accurate for use in 
rough calculation. 

Equation 12 may be used to represent the capacitor voltage éc as well 
as the resistor voltage ex, provided e is considered to be the difference 
between ee and its final value #. In fact this one equation (or the one 
curve of Fig. 9) may be used “to, determine points on any exponential 
transient, provided e and. KE are always considered as deviations from the 
final value.' 


' Numerical examples of this method of calculating points on exponential curves are 
given in later articles, for example, Arts. 5, 9, and 13. 
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Any R-C ciremt containing only one capacitor and any number of 
resistors, batteries, and constant-current sourees may be changed by 
Thévenin’s theorem to a cirewt ike that of Img. SA. Therefore, all 
voltage and current transients in such circuits are exponential in form and 
have a time constant RC, where C ts the eapacitor value and /t is the 
equivalent resistanee of Thévenin’s theorem; that 1s, 1s the net resist- 
anee connected to the terminals of C (measured with all voltage sources 
short-circuited and current. sourees open-circuited). Similarly, if a eir- 
cult contains one resistor and any number of capacitors, only exponential 
transients ean oeecur. If, however, two or more of each kind of element 
are present, transients m the cimreuit may be the sum of {wo or more 
exponentials of different time constants. ‘Phe voltage and current varia- 
tions then depend on the relative time constants and amplitudes of the 
component exponentials. 

The following facts about, R-C circuits are so important that they 
should be memorized: 

1. The current-voltage relation for a eapacitor 1s 


de \ 
1=C— \ ED 
\ 
2. The voltage across a capacitor cannot change instantly. 
3. The average current through a capacitor is zero.! 


4. Transients in single-eapacitor R-C circuits are always exponential 
with time constant PRC. 

5. Saw-tooth Generator. A simple and important circuit is the saw- 
tooth generator of Fig. 104A. It forms the basis of nearly all range-sweep 
circuits and of many range-measuring circuits as well. The input voltage 
may have the form of e, in Fig. 10B or may be any wave that maintains 
the tube cutoff for one time interval and conducting with e, = 0 for a 
second time interval. 

Before the time é;, the tube is conducting and the plate voltage is low. 
At time é, the tube is cut off, and capacitor C charges through the load 
resistor R.;. Thus e increases exponentially toward 300 volts. At time 
to the tube again conducts and quickly discharges the capacitor, reducing 
e, to its original low value. ‘Thus the saw-tooth waveform of e in Fig. 
10B is obtained. The rise of voltage is nearly linear, provided the time 
interval between é; and éz is short enough to allow e to rise to only a small 


1A precise statement is that the average current is zero if the capacitor voltage 1s 
the same at the beginning and end of the averaging period. Average current is of 
interest in circuits where the capacitor voltage changes periodically. In these circuits 
the average capacitor current during any interval including many cycles is very nearly 
zero and the average over an integral number of ¢ycles is exactly zero. 
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fraction of the supply voltage, so that only the very beginning of the 
exponential 1s used. 
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Fig. 10. Saw-tooth generator. 


Typical values for the circuit constants are indicated in parentheses in 
fig. LOA. Assume that immediately before time ¢, transients resulting 
from previous operations have died out 
and C has discharged to the final value. 
This assumption will be justified later. 
The plate current of the tube must then 
equal the currentin Ry. Hence, a 300-Ix 
load ne may be drawn, as in Fig. LOC, 
hia. ll. Equivalent circuit for Fig. ae ns ao i ls a pe vee 
10A during cutoff period. determined from point A. At this point 

= U.95 MA And eye wllo sols 

At time ¢; the tube is cut aff,t and the circuit of Fig. 10.4 becomes 
equivalent to the simpler circuit» of Fig. 11. The voltage (15 volts) 
indicated in magnitude amd polarity beside C is the initial voltage across 


OPEN CIRCUIT 
FOR TUBE 


+ 
Q5v) 





1'The actual grid voltage is —50 volts; —18.5 volts would produce cutoff even if 
= 300 volts. Actually e, does not rise so high, and a smaller magnitude voltage 
would ensure cutoff. 
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C for the cutoff period; it is equal to the capacitor voltage just before 
time &, because the voltage across C cannot change instantly. 

Irom Tig. 11, if may be seen that the voltage e rises exponentially 
from 15 toward 300 volts, as indieated in Vig. 108. The time constant 
of the exponential is! 


Teoh = (300 X 10-3) X 2,000 = 600 ys 


where the subseript ch is apphed because 600 us is the time constant of 
the charge of eapacitor C. The value of e at time f2 may be found by 
considering 300 — ¢ as an exponentially varying voltage: 


300 — ce = (800 — 15)e—'°7%9 = 241 volts 
es = 300 — 2a = 59 ¥olts 


How nearly linear the rise from 15 to 59 volts 1s may be judged by 
caleulating the final voltage that would be reached if the rise were per- 
fectly hnear. Suppose the rise continued at the mitial rate, which is 285 
volts in one time constant (C00 us); the voltage c, after 100 us would be 
15 + 285 XK 198669 = 62.5 volts. Thus the actual curve falls away 3.5 
volts from the linear curve. 
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Fie. 12. Equivalent circuits for Fig. 104 during conducting period. 


At time fy the grid voltage returns to zero and the tube conducts. ‘The 
equivalent circuit becomes that of Fig. 12A. In this figure, 59 volts 1s 
the initial capacitor voltage equal to the capacitor voltage at the end of 
the cutoff period. Since e, = 0 throughout the conducting period, the 
resistance and battery representing the plate-cathode path are deter- 
mined from the dashed line in Fig. 10C (see Tig. 444 and the discussion on 
page 60). This line is drawn to coincide as nearly as possible with the 
part of the ce, = 0 characteristic of the tube used by this circuit. ‘This 
part is between e, = 15 volts and e¢ = 59 volts, and the line drawn yields 
the values E, = 5 volts and r, = 10.5 Ik. 

To simplify calculations, Thévenin’s theorem may be used to replace 
the part. of the circuit to the left of points P and Q in Fig. 12A by the 


1In calculating short time constants, convenient units to use are megohms and 
micromicrofarads. The time constant is obtained in microseconds. 
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circuit within the dashed rectangle of Fig. 126. The battery voltage in 
Fig. 12B is the open-circuit voltage between points P and Q which 1s 


(300 — 5) X 10.5 


10.5 4+ 300 = I> vous 


> + 
As a matter of fact, the determination of #, and the calculation from it 
of the open-circuit voltage are entirely unnecessary. The open-circuit 
voltage between points P and Q is the plate voltage of the conducting 
tube when the capacitor current is zero and was found from point A in 
Fig. 10C to be 15 volts. The equivalent circuit of Fig. 125 is therefore 
completely determined by the R-C’ elements in the actual circuit, the 
value of e at point A, and the slope of the dashed Ine in Fig. 10C. 
After time fs, e, decreases exponentially from 59 to 15 volts. The time 
constant of the exponential obtained from Fig. 125 1s 


a x 10.5 
Taos = 


<n — 2 = 206 
300 + 105 x 10 ) xX 2,000 0.3 us 


Because Taj. 1S Many times smaller than the t1me interval available for 
discharge (20.3 us « 400 us), the discharge is for all practical purposes 
complete before the next cycle begins, and the original assumption 
(e, = 15 volts at time ¢) 1s Justified. 

Immediately after time f2, the plate current is considerably greater than 
the final value of 0.95 ma. The initial plate current may be determined 
from the initial plate voltage (59 volts) and the e, = 0 line of the tube 
characteristics in Fig. 10C. The current is 5.25 ma. This relatively 
large value results because at first the tube carries the capacitor discharge 
current, in addition to the small current, from the power supply through 
the load resistor. As the capacitor discharges, the tube current decreases 
and eventually equals the load-resistor current. 

A caution in the use of Thévenin’s theorem should be observed. In 
ig. 126, the battery and resistors within the dotted rectangle are not 
physical elements. ‘The initial current in the 10.5-Ix resistor, for example, 
can be calculated and 1s 4.2 ma. However, +.2 ma 1s not the plate current 
or any other current in the actual circuit. Figure 125 can be used cor- 
rectly only for calculation of currents and voltages in the circuit outside 
the dashed rectangle. 

Note that the time constant for discharging C is much shorter than the 
charging time constant. The difference results because the high resist- 
ance 1n the charging circutt (306. AX) is shunted by a relatively low resist- 
ance (10.5 Ix) in the discharging circuit. A long time constant for charge 
is necessary in order to obtain a nearly linear saw tooth. A short time 
constant for discharge is required if a second saw-tooth wave is to be 
started very soon after the first ends and if each saw tooth is to begin with 
C' discharged to its final voltage. The time interval between f) and fz 1s 
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not used; if ¢ 1s a range-sweep voltage, the unused interval is the period 
between sweeps. 

6. Decoupling Filters and Bias Circuits. Proper operation of tubes 
requires that a variety of grid-bias, sereen-supply, and plate supply volt- 
ages be available in a radar set. Resistance-ecapaeitanee networks of the 
tvpe ilustrated in Fig. 13 ave commonly used to derive the needed volt- 
ages from a few main-power-supply voltages. 

All the capacitors in Fig. 13 are large, so that the voltages across them 
annot change greatly during a evele of operation of the cireuit. Thus, as 
a first approximation, each capacitor may be replaced by a battery, as is 
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Fig. 138. Typical R-C circuits for altering power-supply voltages. 


done im Fig. 14. he resistors and average tube currents in Fig. 13 deter- 
mine the voltages of these batteries, and the capacitors determine the 
extent to which the “battery ’’ voltages are constant throughout the cycle. 

Resistance-capacitance networks like those of Figs. 183A and C serve 
also to reduce the reaction of one circuit on another when both are oper- 
ated from the same power supply. For example, if the tube in Fig. 134 
draws plate current in short pulses, the pulses are supplied by the capaci- 
tor which recharges slowly between pulses. A nearly constant current is 
drawn from the power supply, which may therefore deliver a constant 
voltage to other circuits. 

As an example of the details of the operation of such circuits, consider 
lig. 13.4 and assume that the crreuit elements and the input wave e, are as 
indicated on the figure. ‘The capacitor voltage e may be found by a 
trial-and-error calculation if it is assured to be essentially constant 
because of the large value of C.! 


1 Frequently by-pass capacitors are not large enough to make this assumption valid. 
Qualitative explanation may still be made in terms of the equivalent circuits of Fig. 14, 
but calculation of exact values requires use of the method apphed to coupling cireuits 


im Art. 9. 
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Assume values of e, during the conducting interval and calculate /yp, 
trying new assumptions until the given value, 300 volts, 1s obtained for 
Hy. The final trial is e, = 97 volts, and the final calculation 1s as follows: 
Since e, = 0, the plate current obtained from the tube curves 1s 
% = 10.15 ma. Since the average current through the capacitor must 
be zero, the constant current in /2 must equal the average tube current. 
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Fic. 14. Equivalent circuits for Fig. 13 if capacitors are large enough to maintain their 
terminal voltages constant. 


since the tube conducts for 100 us out of 300 us, this average current is 
10.15 & 19% o9 = 3.38 ma. Therefore, 


Hy = + tit, + eee i 
97 + 10.15 * 10 + 3.388 * 30 = 300 volts 


‘Lo Justify the assumption that the capacitor voltage is constant, the 
charge gained by the capacitor during the cutoff interval may be calcu- 
lated. The capacitor current during this interval equals the current in 
Fr, 3.38 ma. The charge gained is (3.38 & 1073) & 200 = 0.676 pcou- 
lomb, and the voltage change is 0.676/0.5 = 1.35 volts. The capacitor 
voltage, therefore, varies approximately 1 volt about an average value of 
Jie 10.1o x 10 =498 5 volts: 

‘Lrial-and-error calculations may be made equally well for the circuits 
of Figs. 138 and C. In the self-bins circuit, the bias voltage is R, times 
the average cathode current. In the circuit of Fig. 13C, the voltage 
across Cy may be found by applying Thévenin’s theorem to the voltage 
divider (/@, and 2,2) and considering the average screen-grid current to 
be drawn from it. 
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If the input voltage for an overdriven circuit is changed, the voltages 
delivered by circuits like those in Fig. 13 may change greatly. For 
example, if the repetition period of the 200-us negative pulse, e. in Fig. 
13.4, were changed from 300 to 210 us, the voltage e would rise from 198.5 
0 2/9 volts. Such effects must be considered in radar sets where the 
repetition frequeney or the range seale may be changed. 

7. R-C Peaker. ‘To produce narrow pulses from rectangular waves or 
from other waveforms having sudden jumps in them, an R-C peaker may 
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Fig. 15. Example of R-C peaker circuit. 


be used. The pulses produced are suitable for triggering gas tubes, 
multivibrators (see Arts. 13 to 15), and blocking oscillators (see Art. 21) 
or may be clipped to form narrow pulses of nearly rectangular shape. 
Peaker circuits are sometimes called sharpening circuits or differentiating 
cirCuats. 

An example of an /2-C peaker circuit is shown in Fig. 154. Note that 
the cireuit contains the same elements as the ordinary coupling circuit; 
the difference lies in the size of capacitor C.. For a peaker circuit, this 
capacitor (and often the grid-return resistor /?,2 as well) is made small so 
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that the time constants of transients are small fractions of the off and on 
periods of tube V4. 

To study the circuit in detail, assume the values of circuit elements 
indicated in parentheses in Fig. 154A and the input wave e,; drawn in 
Fig. 158. The load line for R; may be drawn and used to find 2%, and 
€y, at the end of the conducting period of 174, because the short time con- 
stants of the circuits ensure that the capacitor current 1s zero at this 
time. Thus 2, = 10.15 ma, and e, = 97 volts. Also, because the 
capacitor current 1s zero, @-2 must be zero, and the voltage across C’, must 
be 97 volts with the polarity indicated in Fig. 154. 

At time ¢, tube J’; 1s suddenly cut off, and the equivalent circuit of Fig. 
16 apphes during the cutoff interval. The static grid resistance of J’. is 
included in Fig. 16 because cutting off V, tends to make e , and therefore 
e.o rise. The initial voltage for the cutoff period is indicated below the 
capacitor. 

Ohm’s law may be apphed to the circuit of Fig. 16 to determine the 
current 2 at the mitial instant: 

0 300 — 97 
Initial current = 50 + G5 X 1/5 +1) = 9.68 ma 
Therefore, when tube V; 1s cut off the current in the tube stops instantly, 
but the current in the load resistor merely drops from 10.15 to 9.68 ma. 
This current flows through capacitor C, and the grid circuit of V» and, of 
course, dies out very quickly as C, charges. 

From the mitial current, the initial values of e.2 and es; may be calcu- 
lated. The initial grid voltage is 9.68 & (1 X 25)/(. + 25), or 9.3 volts, 
and the initial plate voltage is the sum of e.2 and the capacitor voltage, or 

9.3 + 97 = 106.3 volts. These val- 
Bet ues are marked in Fig. 15B. Note 
Pee eee eek treat a that the 9.3-volt rise of e,; at the in- 
on i stant of cutoff must equal the corre- 
sponding rise of ¢.2 because the volt- 
ows age across C,. cannot change instantly. 
a a ae a i lor Fig. 154 | Following the initial instant, 1 
rises exponentially toward 300 volts, 
and @.2 falls exponentially toward zero as C. charges. The time constant 
of these exponentials, which is the charging time constant for C,, is 
obtainable from Fig. 16: 
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By the end of the cutoff period for 171, the voltage across capacitor C, 
has reached its final value of 300 volts. Therefore in the equivalent 
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eireuit. for the conducting period of V, (see Fig. 17.4), Ce appears with an 
mutial voltage of 300 volts. The plate-to-eathode path of 1) 1s repre- 
sented by r,,and £,,; and thewalue of -r,);, determmed from the dashed 
line in Iie. 15C. is 6.6 It.) Phe dashed Ine is made to approximate the 
e. = Oeurve ina short range above point A beeause this is the range used 
when Vy conduets. The resistor rs is omitted because @.2 1s negative 
during the condueting period of V4. 

A Thévenin’s theorem equivalent of Fig. 7A appears mv ig. 1735, 
Note that the 97-volt battery is the open-cireuit voltage between ter- 
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Fic. 17. Equivalent circuits for Fig. 15.4 during conducting period of V4. 


minals P and Q in the direct equivalent circuit. By Ohm’s law, the 
initial current in the Thévenin’s equivalent circuit is 
_ 5007 7 S 
Initial current = 35 + (20 X 6.6)/(20 + 6.6) = 6.7/8 ma 

This current is in the direction to discharge C,.. The initial value of e.2 
is therefore negative and is —6.78 K 25 = —169 volts. The correspond- 
ing plate voltage e; is —169 + 300 = 131 volts. The initial plate cur- 
rent, obtained from the plate voltage and the tube characteristic, 1s 
15.1 ma, which is greater than the steady-state current, 10.15 ma. Asin 
the saw-tooth generator, the plate current is the result of the battery volt- 
age and the capacitor voltage and decreases as the capacitor discharges. 

The time constant for the capacitor discharge and for the exponential 
return of @1 to 97 volts and e.2 to zero 1s 


ZOD O00 


—— ae a — 
50 =) x 10-3 X 200 = 5.99 us 


Tdis = (25 + 

Two observations should be made about the waveforms in Fig. 158. 
The first is that the negative peak in the e,2 wave is much larger than the 
positive peak. This effect is mostly due to the current drawn by the grid 
of 17. when its voltage is positive and may be thought of as a form of grid- 
circuit clipping. It is partly due to the driving amplifier which has 
ereater internal resistance when V,; is cutoff than when V7; conducts. 
The second observation is that the waveférm of the plate voltage of V1 1s 
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not the rectangular dotted wave in Fig. 155, but a wave with rounded 
corners. The tube may be regarded as a generator with internal resist- 
alnce—its terminal voltage changes when a load (the peaker circuit) is 
applied. 

8. Sloping Wavefront Applied to Peaker. In Art. 7, the tube that 
drives the peaker is assumed to be turned on and off by a perfectly 
rectangular input wave. Waves with perfectly vertical sides can never 
be obtained in actual circuits; therefore, the effect of sloping sides on the 
peaker output should be investigated. 

Consider, first, the circuit of Fig. 18A with the linearly rising voltage e; 
of ig. 186 applied to it. Capacitor C is supposed to be uncharged 
initially. The output voltage e 1s an exponential of time constant 





T=RG 
(A) CIRCUIT DIAGRAM (B) WAVEFORMS 
Fig. 18. Linearly increasing voltage applied to R-C peaker. 


7 = RC rising to the final value rde;/dt, as shown in Fig. 18B. Note that 
(1) the final value of e, is equal to the change of the input voltage in one 
time constant and (2) the final value of e, is proportional to the rate of 
change of the input voltage. Statement (2) is the justification for the 
name differentiating circuit sometimes applied to the peaker. 

The reason that the output voltage approaches a constant value may 
be seen as follows: Immediately after ¢ = 0, e, must rise with e,, for the 
voltage across C' cannot change instantly. As time progresses, é Increases 
but becomes mcreasingly less than the input voltage because the capacitor 
charges. In fact, as e, becomes greater, the current 7 and therefore the 
rate of change of the capacitor voltage become greater and less of the 
rate of change of the input voltage becomes available for e,. Hence 
the slope of the e, curve becomes progressively less. When e reaches 
the value rde;/dt, the current through the resistor is 

eé,  rde,/dt de; 
ib 


aR 2 Ss 





The capacitor current CX dercprtitor/At must equal the resistor current 
Cde,/dt, and therefore the rate of change of capacitor voltage equals the 
rate of change of input voltage, and e, ceases to change. The increase of 
é. from zero to rde,;/dt is exponential in form because it is a transient in a 
single-capacitor /?-C circuit. 
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The general effeet of sloping sides for the e; wave in Fig. 15B ean be 
seen Hf, for simplicity, the grid resistor Rye in Fig. 154 is assumed to be 
much larger than fiy;. Then the peaker has negligible effeet. upon the 
plate voltage ¢n, and the load line can be used to determine the plate 
voltage when |; begins to conduct. Suppose that a wave like e; in Fig. 
194 is produced. The time interval 7' corresponds to the time for ee: to 
rise from the cutoff voltage to zero. During this interval, conditions are 
like those in Fig. 18: at the end of it, e,2 beeomes constant, and an expo- 
nential deeay of ¢.2 oecurs as indicated in Fig. 194. The shape and 
amplitude of e.. depend upon the relation of 7 to the peaker time econ- 


stant 7, as indicated in the three parts of Fig. 19. 
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Nig. 19. Effect of R-C peaker on a sloping wavefront. 


Sometimes a peaker is used to convert a saw-tooth voltage into a nearly 
rectangular pulse. ‘The time constant of the peaker must be short com- 
pared with the duration of the saw tooth. The waveforms obtained are 
then essentially those of Fig. 19C. 

9. R-C Coupling Circuit. To couple a rectangular pulse or other 
timing waveform from the circuit in which it is generated into the circuit 
in Which it is used, long-time-constant R-C circuits are commonly 
employed. As with coupling circuits in sine-wave amplifiers, the object 
ordinarily is to change the d-c component of the wave without modifying 
the alternating components. 

The circuit of ig. 204A, for which the input voltage wave e,; is drawn 
in Fig. 205, is a typical coupling circuit. Note that this circuit and input 
wave are the same as the peaker circuit and input wave in Trig. 15, except 
that in the coupling circuit C, and fg. are increased in value. The wave- 
forms in the coupling circuit therefore resemble the peaker waveforms but 
have all the exponential variations spread out in time, as in Fig. 208. 
Because of the long time constants, the plate voltage never rises all the 
way to 300 volts while the tube is cut off; the coupling capacitor is still 


80 TIMING CIRCUITS [(Cuap. II 


charging when the next switching operation occurs. Similarly, during 
the conducting period the capacitor does not have time to complete its 
discharge, and the plate voltage does not drop all the way to 97 volts. 
Also, the grid voltage fails to reach zero at the end of each conducting 
period. 

Since final values are not attained within each part of the cycle, the 
exact values of currents and voltages during each period depend upon the 
voltage to which the capacitor was charged at the end of the previous 
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(8B) WAVEFORMS 
Fig. 20. Typical R-C coupling circuit. 


period. When the circuit is first turned on, a few cycles of operation 
occur during which the capacitor gains a little more charge durmg each 
charging period than it loses in the ensuing discharging period. Thus the 
average capacitor voltage increases, and each cycle is a little different 
from the preceding one. After a number of cycles, a repeating condition 
is reached, and the capacitor Pains and loses equal amounts of charge. 
The waveforms of Fig. 20B apply to this condition. 

In order to calculate points on the é; and e.2 waveforms, values of the 
capacitor voltage e, at the switching instants must first be found. Desig- 
nate the value of e, at time ¢; by ez: and the value at time f2 by ez». The 
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equivalent cireuit for the cutoff period of 11, which is identical with Fig. 
16 except for values of Rye and C., may be used to calculate e,. in terms of 
en. Smee the final value toward which e, is rising during the cutoff 
period is 300 volts, the exponential relation is 


3000 — Cro = (300 — Cr ET ai 08 = 0.149(3800 —- Cz1) (16) 


as may be seen from Fig. 208. The number 200 is the time interval 
between ¢, and é:, and 105 1s the time constant, both in microseconds. In 
a sunilar way, the equivalent cireuit for the conducting period of V1 (see 
Fig. 175) may be used to calculate the value of e, at time f3 (which voltage 
is equal to ez, beeause the repeating condition is assumed to have been 
reached) in terms of ey2. The final value toward which e, is dropping is 
97 volts, and the time constant obtained from the equivalent circuit is 
1,025 us. Therefore 


C21 — 97 = (ere — 97)e7399/1.025 = 0.746 (er. — 97) (17) 


Solving Eqs. 16 and 17 simultaneously yields the values 242 volts for 
€éx, and 291.5 volts for er. These values, together with the time con- 
stants, completely determine the waveform of ez. 

Calculation of es; and e... onee e; is known, is the same as the cor- 
responding calculation for the peaker circuit. For example, the initial 
value of e.2 after |; 1s cut off is found by applying Ohm’s law to the 
equivalent circuit for the cutoff period. Thus 


(200 X 1)/(200 + 1) 
7 Ol << Pycue 1) 


During the cutoff period for tube V, the increase of the coupling- 
capacitor voltage causes e; to rise much more than e,¢ falls because the 
plate load resistor (20 Ix) is large compared with the grid resistance 
(approximately 1 Ix). The grid voltage is essentially constant at zero; 
it does not become appreciably positive even momentarily (as in the 
peaker) because the muitial capacitor voltage 1s nearly as large as the 
supply voltage. During the conducting period of Vy, the plate-circuit 
resistances are low relative to the grid-circuit resistances; therefore ep; 18 
nearly constant and almost equal to 97 volts, while e,2 rises as the capaci- 
tor discharges. 

Note and remember the following important ports: 

1. The larger the time constants of the circuit compared with the 
periods to which they apply, the more nearly are the plate and grid wave- 
forms alike—except for d-c components. (Increasing the size of C., for 
exampie, would reduce the rise of e.2 between times ¢2 and é3. In this 
circuit, however, there 1s no reason for such a change because as long as 
€-2 remains below cutoff, the output of 12 1s unaffected.) 


Initaal e.. = (800 — 242) = 2.75 volts 
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2. The area between the zero axis and the positive part of the e.2 wave 
is very small compared with the area between the axis and the negative 
part of the wave. ‘That is, the average value of e.2 is negative, even though 
no source of direct current is present in the grid circuit. This negative 
average value is called szgnal bias or grid-leak bias; it is discussed in detail 
in the next article. 

10. Signal Bias and Clampers. Signal bias occurs in the circuit of 
Fig. 20A because the charging resistance for C, between the grid of V2 
and ground is different from the corresponding discharging resistance. 
During the time that e.2 1s positive, capacitor C. charges through the 
low resistance of r.2 in parallel with Rye. During the remainder of the 
cycle, the capacitor must lose all the charge acquired in this first part; to 
do so, it must discharge through the high resistance of Rj. Therefore, 
the negative grid voltage occurring during discharge must be of greater 
magnitude than the positive voltage apphed durmg charge (or the nega- 
tive voltage must be applied for a longer time). 

The amount of the signal bias may be calculated in terms of the change 
of charge on capacitor C,. Between times & and és, the voltage across C, 
in Fig. 20A increases by 291.5 — 242 = 49.5 volts, and the charge on the 
capacitor increases by an amount 49.5 X (5,000 X 10-!2) = 0.248 ucou- 
lomb, which is the area under the curve of current through the capacitor 
during the time interval {; to é.. Since this current flows through 7,2 and 
Ro. im parallel to produce e., the area under the positive part of the 
€-o curve must be 0.248 X [10° & (200 X 1)/(200 + 1)] = 247 volt-ys. 
During the time interval between fy and é3, this same charge flows in the 
opposite direction through Ay,. Thus the area under the negative part of 
the e.. wave is —0.248 X (200 X 10%) volt-us, which equals — 49,600 
volt-us. The average value of e.2 1s therefore 


area under | cvcle of curve 
period of 1 cycle 
247 — 49,600 | 


oe —98.8 wolts 


C62 avg a 


If the ratio of Rye to ree is very large, as in Fig. 20.4, the area under the 
positive part of the e.. wave is neghgible compared with that under the 
negative part. Then it is an excellent approximation to assume that the 
topmost part of the e.g wave lies along the zero axis. In such circumstances, 
the top lne of the wave is said to be clamped to zero. 

Often diodes are used as clampers in place of the grid-cathode circuit of 
\’. for the specifie purpose of clamping a waveform. Thus in Fig. 214, 
the diode V2 1s used to clamp the output of the saw-tooth-generator tube 
Vy. Because the cathode of the diode is connected to the signal lead, the 
bottommost line of the e, waveform is clamped to —50 volts, the voltage 
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applied to the plate. If any part of the ¢e, waveform should become 
negative with respect to —50 volts, the diode would conduet and over 
a period of several eveles charge C, and restore the waveform to the posi- 
tion shown. Note that the position of the bottommost edge of the wave- 
form is essentially mdependent. of the remainder of the wave. For 
example, 1 the curation of the saw tooth is changed (by changing the 
duration of the input pulse and switehing from capacitor Cy to Co), the 
clamping point is not appreciably affected, as shown by the dotted lines 
m big. 2tel.  Beeause eclamper tubes restore d-c components to wave- 
forms that have passed through a coupling capacitor, elampers are often 
ealled d-c restorers. 

In the cireuit of Hig. 2138, the triode VW. is the clamper. This tube is 
equivalent to a diode with ifs plate returned to some positive voltage. 
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Fie. 21. Cireuits containing clampers or d-e restorers. 


If the cathode voltage is above a certain value, the tube conducts no cur- 
rent because the grid-to-cathode voltage is negative and beyond cutoff: 
cathode voltages below this value allow current to flow. The critical 
value of cathode voltage for cutoff may be found by trial and error. For 
the grnd-to-ground voltage of 200 volts indicated in the figure, the result 
is 217 volts, because then the plate voltage for V>. is 500 — 217 = 283 
volts, and the corresponding grid-to-cathode cutoff voltage (read from the 
GOSN7 characteristics) is —17 volts. Therefore the waveform of the out- 
put voltage e, is as shown. Any‘tendency of e, to become less than 217 
volts causes V2 to conduct and to change the charge on capacitor C,.. 
The voltage level at which clamping occurs can be changed readily by 
adjusting the tap on potentiometer RP. 

11. Effect of Grid Return. In the coupling circuit of Fig. 20A, the 
grid-return resistor Ry. is connected from grid to cathode of V3. Some- 
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times this resistor 1s returned to a different pomt, and the waveforms 
obtained are somewhat altered. The method of calculation given in 
Art. 9 may still be used, but care must be taken to use equivalent circuits 
appropriate to the connection under consideration. 

If the grid return is to a point of sufficiently negative voltage, as in 
Fig. 22A, the grid voltage for tube V2 may be entirely below the zero 
axis as shown. ‘Then grid current does not flow at any pomt in the cycle, 
the average current in Rye. must be zero, and the average value of the 
C-. Wave Is the bias voltage (— 100 volts in the example). Between times 
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Fig. 22. Effect of grid-return connection. 


t; and te, 2 falls exponentially toward a final value of — 100 volts as C, 
charges, because the current in and voltage across R,». are decreasing 
toward zero during the discharge. Similarly, the exponential curve that 
forms the bottom edge ot the waveform tends toward a final value of 
— 100 volts. The absence of grid current allows appreciable variation of 
eee between time ¢, and ¢ and correspondingly less variation of gy. 
(Compare the waveforms of e¢.2 in Figs. 20B and 224.) 

Frequently the grid return is made to a large positive voltage, for 
example, the plate supply voltate asim Iie. 225. In such a circuit the 
erid-return resistor mustNalways have a very large value (often 0.5 to 
5 megohms) in order to prevent damaging the tube by excessive grid 
current. 
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Consider first that the positive-grid-return connection is made but no 
signal voltage is being supphed by Vy. Then a current flows through the 
erid-return resistor and the grid resistance in series. By the voltage- 
divider relation for Ry2 = 1 megohm and r= 1 MX, the grid voltage is 
300 X 1/(1,000 + 1) = 0.3 volt. Thus in static operation, the positive 
erid return makes the grid voltage only slightly positive. 

When a signal is supphed by Vy, e2 still is driven only very slightly 
positive during the most positive part of the cycle beeause by signal-bias 
action additional charge is aecumulated on C.. During the interval 
between f; and és, the charging current for C. and the eurrent in [ye 
together make up the grid current for 12 and cause ¢.2 to become positive 
bv afew tenths of a volt. During the remainder of the cycle, grid current 
does not flow, but the current in Ro. is increased. This current is the 
discharging current for C. and causes the exponential rise of @c2. Note 
that e-2 rises toward a final value of +300 volts, the voltage of the return 
pomnt for Roe. If the return connection of /?,21s moved from cathode to a 
pomt of positive voltage without changing the value of any circuit ele- 
ment, the fime constant of the rise of e-2 ws not changed but the rate at which 
Ce ruses 1s Increased because the exponential is rising toward a higher final 
voltage. 

Figure 23 shows examples of grid-return connections that are used with 
cathode followers. The return connection to the cathode (Fig. 23.4) cor- 
responds to the amplifier circuit of Fig. 204; the topmost part of the grid- 
voltage wave 1s clamped at a grid-to-cathode voltage of zero. As shown 
in Art. 3. resistors /?, and 7, are equivalent to larger resistors from grid to 
a point of fixed voltage, and therefore the time constants of exponentials 
are increased. ‘The positive-grid-return connection for the cathode 
follower appears in Fig. 236. This circuit operates in the same manner as 
that of Fig. 226. If the amplitude of the input voltage e; 1s not too 
great, the circuit of Fig. 23C is lke the negative grid return of Fig. 22A 
because the positive voltage at the cathode prevents the grid from draw- 
Ing current. Sometimes a bias voltage intermediate to those obtained 
from Fies. 23.4 and Cis desired. Then a tap on the cathode resistor A, 
may be used as in Fig. 23D. Until the grd-current poimt is reached. 
moving the tap point upward on /t; merely increases the d-c component 
of the voltage ec; bv changing the voltage across C,. If the tap point is 
moved close to the cathode, or if the variations of e; are large, grid current 
may flow during part of the cycleyand cause clamping to occur. 

If chpping in a cathode follower 1s to be avoided, the circuit of Fig. 23C 
should be used when the input voltage 1s a series of narrow positive pulses, 
and the circuit of Fig. 23D should be employed when the input ts a series 
of narrow negative pulses. 
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12. Step Generator. Voltage waveforms containing vertical edges or 
steps adjustable in position may be used as explained in Art. 6, Chap. I, m 
the measurement of range. Clipping circuits operating in conjunction 
with saw-tooth generators are often used to produce such waveforms. 
The step waveform is combined with echo signals and apphed to the 
vertical-deflection plates of the indicator tube (see p. 289, Chap. IV). 

A simple step-generating circuit, illustrated in Fig. 24.1, employs a 
saw-tooth generator, tube Vy, and a pick-off diode, tube Vo. Tube V, 
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Bic. 23. Grid-return connections used with enthode followers. 


produces the é; wavetorm of Fig. 248 when the rectangular input wave 
€o. 1S applied. ‘The horizontal dashed line across the es; waveform indi- 
rates the voltage at the adjustable tap on resistor R. When e , is less 
than this voltage, the diode does not conduct and e, equals the voltage at 
the tap. I*or higher values of ¢1, the diode conducts and eg very nearly 
equals @,. Thus the top corner‘ot the saw tooth appears in the eg wave as 
in Pig. 246. The eg waveis clipped and amplified so that a nearly vertical 
edge appears in the e, waveform at the instant V2 begins to conduct. 
The time of the step can therefore be controlled by adjustment of the tap 
on fv, A linear relation exists between Aé, the delay of the step, and the 
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{ap voltage if the saw tooth is hnear. Calibrations on the dial that con- 
trols the tap position ean be used to indicate the range that corresponds 
to the delay time of the step. 

The circuit elements in the saw-tooth generator are assumed to be the 
same as those in the cireuit of Fig. 10.4, p. 70. Therefore, m Fig. 24 the 
és, Waveform previous to the time of conduction of the diode is the same 
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Fic. 24. Step generator using pick-off diode. 


as the corresponding part of the e, wave in Fig. 106. Assume the resist- 
ance of the portion of R below the adjustable tap to be 20 I. The 
voltage represented by the dashed line on the ¢o: waveform is then 
300 X 2% 50 = 40 volts, and the delay of the step may be obtained from 
the exponential relation 


300 — 40 = (3800 — 15)e40™ (18) 


andais At = 54.6 us. 
Exponential relations similar to Eq. 18 may be used to determine At for 
any setting of the adjustable tap. The over-all relationship between At 
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and the angle of rotation of the delay-control shaft depends upon (1) the 
relation of Aé to the open-circuit voltage at the tap, (2) the relation of this 
open-circuit voltage to the resistance in the lower section of R, and (3) the 
relation of this resistance to the angle of rotation of the shaft. The 
voltage-resistance relation is necessarily linear, and the resistance-angle 
relation can be made very closely linear if a properly designed potentiom- 
eter is used as fk. The time-voltage relation depends upon the shape of 
the saw tooth and, for the circuit of Fig. 244A, is appreciably nonlinear 
(see Art. 5, p. 69). Where accurate range measurement and linear dial 
calibrations are desired, more complicated saw-tooth generators (such as 
those of Art. 6, Chap. IV) are employed to furnish saw-tooth waveforms 
of excellent linearity. 

The form of the e; wave during the conducting time of the diode, and 
consequently the form of the eg wave, is altered slightly because of current 
drawn by the diode. This current has no effect upon the time at which 
the step occurs, but it may be important if the e1 wave serves as a sweep 
voltage in addition to being used in the step generator. 
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lig. 25. Equivalent circuits for Fig. 244A with Vi cutoff and Ve conducting. 


The equivalent circuit of Fig. 25.4 applies when the diode conducts. 
The assumption that the adjustable tap is set for 20 K in the lower 
section of / 1s still used, and therefore the initial capacitor voltage is 40 
volts. Thévenin’s theorem may be used to reduce the circuit of igo 
to the one in Fig. 255. The time constant of charge of capacitor Gs 
according to Fig. 25B, is reduced from 7,41 = 600 us to 


Tern = 0.232 X 2,000 = 464 us 


when the diode conducts. The final voltage toward which C is being 
charged is reduced from 300 to 241 volts. Therefore the value attained 
by €1 at the end of the 100-us period of the saw tooth is given by 


241 — @, = (241 — 40)e—(100-54.6)/464 


and is 58.7 volts instead of 59 volts—a negligible difference. 
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The voltage eg obtained from the diode when it 1s conducting 1s shown 
equal to ey in Fig. 245—the small voltage across the diode 1s neglected. 
Calculations made by applying Thévenin’s theorem to the portion of 
Fig. 254 to the right of the eg terminals vield a diode voltage less than 
0.01 volt when e; is 58.7 volts. Actually, a negative diode plate-to- 
sathode voltage of the order of 1 volt or less may be expected for 
small diode currents because of the initial velocities of electrons emitted 
from the cathode. The approximation of representing a diode by its 
average plate resistance is Inaccurate in the region of very small currents 
and voltages. 
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Fic. 26. Step generator using triode pick-off tube. 


In some step generators a triode replaces the diode of Fig. 244. The 
saw-tooth voltage is applied to the grid of the triode and the adjustable 
direct voltage to the cathode. The step is formed when the grid-cathode 
voltage rises above the cutoff value. One circuit using a triode pick-off 
tube is shown in Fig. 26A. This circuit is so designed that triode V2 
(1) serves as pick-off tube, (2) does not draw grid current and therefore 
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does not distort the saw-tooth voltage produced by V,; and (3) con- 
tributes some of the amplification required to form the desired step. 

Tube V; operates in the same circuit in Fig. 26A as in Figs. 10A and 
24A. Because tube V2 does not draw grid current, the saw-tooth voltage 
éy, of Fig. 266 is identical with the e, wave of Fig. 10B. Assume that the 
section of & below the adjustable tap is 5 XK. When plate current in V2 is 
cutoff (before and shortly after time ¢,), the cathode voltage for V¢ is 
éx2 = 300 X %o = 50 volts, as indicated in Fig. 268, and the plate-to- 
cathode voltage 1s 250 volts. Because the corresponding cutoff voltage 
(read from the 6SN7 curves) is 15 volts, plate current begins to flow in 
V2 when é, rises to 50 — 15 = 35 volts. Therefore At, determined from 
the exponential relation for the saw tooth, is 43.6 us. 

When plate current flows in Vo, the circuit operates as follows: At the 
time conduction begins, ex: cannot change suddenly because of capacitor 
C,. Therefore the rise of e: is at first fully effective in increasing the 
grid-cathode voltage, and the plate-to-ground voltage jn» decreases sud- 
denly. As plate current flows into Cy, exe begins to rise along with é1. 
The rate of increase of the grid-cathode voltage is thus decreased, and 
further decrease of €n2 occurs more gradually. Waveforms are drawn in 
lig. 266. Operation of this circuit is very similar to that obtained when 
a sloping wavefront is applied to an R-C peaker (see Art. 8). Voltage 
éx2 at first rises slowly because only a small plate current is available to 
charge C;,. As the plate current increases, ex. increases more and more 
rapidly until the rate of increase of current in R; becomes equal to the 
rate of increase of plate current. Thereafter the capacitor current is 
constant, and e;2 Increases at a constant rate. 

The purpose of Ci 1s to maintain e;, nearly constant in the first instant 
of conduction so that the sharp decrease in the é€,2 wave is obtained, thus 
reducing the subsequent amplification and clipping required. The sharp 
drop of éyn2 could be obtained without C, if R, were short-circuited, but 
then e,2 would not rise at the end of the conduction period of V2, and grid 
current would distort the ej: wave. 

Calculation of numerical values of voltages when V2 conducts is simpli- 
fied if the rise of voltage in the e,; wave is assumed perfectly linear (with 
a slope of ®%o9 = 0.59 volt per us) and if the tube characteristics are 
assumed linear over the region used. If the resistance of the lower sec- 
tion of Fv 1s adjusted to 5 IX as previously assumed, é2 lies in a small range 
below 250 volts, a2 in a range near | ma, and the approximations p = 17 
and rp = 25 K are reasonable fot the 6SN7. The combination of V2 and 
12 may be considered equivalent to a tube of plate resistance 


ro + Riz = 25+ 20 = 45K 


and amplification factor » = 17 connected as a cathode follower, The 
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equivalent circuit of Fig. 274A, obtained from Fig. 6B, p. 63, may there- 
fore be used to relate Aexs (the increase of e¢2 above 50 volts) to Ae, (the 
increase of ¢; above 35 volts). 

By Thévenin's theorem, the circuit. of Fig. 2741 1s equivalent to that of 
Fig. 276. Thats, the circuit is reduced to an R-C peaker with a sloping 
wavefront applied (see Art. 8), except that the output voltage ex: 1s the 
voltage across the capacitor rather than that across the resistor. The 
waveform of e,2 is indicated by the solid-line curve in Fig. 2656. The 
time constant of the exponential, calculated from Fig. 275, 1s 


7 = 2440 X 0.005 = 12.2 us 


and the slope of the dashed line drawn on the e,2 waveform 1s 0.925 times 
the slope of the en; wave or 0.925 X 0.59 = 0.546 volt per us. The limit- 






@ 
(2.44 K) 
ie He», 2 
pti he,o | 
0.945 A 
| a Cy Beye 
(0.925 Bey) (0.005 yf) 
(A) DIRECT EQUIVALENT (B) THEVENINS- THEOREM EQUIVALENT 


Fic. 27. Linear equivalent circuits for tube V2in Fig. 26A. 


ing value of exo is less than the voltage of the dashed line because of the 
voltage drop in the resistor of Fig. 278, which voltage drop 1s 


rdere/dt = 12.2 X 0.546 = 6.67 volts 


The voltages attained by the dashed line and by ex2 at time f are there- 
fore as indicated in Fig. 265. 

Note that e:2 is greater than e at all points of the waveform. ‘Thus 
the statement that grid current does not flow is justified for the assumed 
setting of R. <A repetition of the above calculations for a tap position at 
the lower end of R shows that for the circuit parameters in Fig. 27A grid 
current is zero for this and, therefore, for all positions of the tap. 

The waveform of @n2 1n Fig. 268 can be obtained by calculating 19, 
the plate current of V2, and subtracting from £;, the voltage across ftir. 
produced by this current. Shortly before time é, the current in capacitor 
C’,. is constant, and the plate current is increasing at the same rate as cur- 
rent in A&,, that is, at 

0.546 


ee TOE = 9.00524 ma per 
100°++ (25)« 5)/(25 + 5) ma per pus 
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The rate of decrease of é€jn2 18 therefore 0.00524 & 20 = 0.105 volt per us. 
The plate current at time é2 1s the sum of the capacitor current 


C. i = 0.005 < 0.546 = 0.00273 amp = 2.73 ma 


and the resistor current 


65.9 — 50 


100 + @5 X5)/@5 +5) em 


This sum is 2.88 ma, and @yn2 at time f21s 800 — 20 X 2.88 = 242.4 volts. 
The final value and slope of éen2 determine the position of the dashed line 
on the €yn2 waveform in Fig. 268. The actual voltage e@yn2, shown by 
the solid line, 1s the sum of an exponential transient of time constant 
12.2 ws and a linearly decreasing voltage; the actual voltage tends toward 
the dashed line as the transient tends toward its final value. 

13. Free-running Plate-coupled Multivibrator. A circuit used in 
many places and in many forms in radar is the multivibrator. Most fre- 
quently, multivibrators produce nearly rectangular pulses of a specified 
(and sometimes adjustable) duration. The leading edge of each multi- 
vibrator pulse 1s timed by a driving trigger pulse. The trailing edge may 
be used to trigger another circuit, and thus a time delay may be obtained, 
or the multivibrator pulse may control a circuit like the saw-tooth gen- 
erator of Art. 5. Less frequently, multivibrators are made to operate 
at a submultiple of the driving frequency or even allowed to run at a fre- 
quency determined by their own circuit constants. 

Multivibrators differ from circuits previously discussed in that their 
cycle of operation does not depend instant by instant on a driving wave- 
form. Some multivibrators go through a complete cycle of operation for 
each narrow trigger pulse received from a driving source and then remain 
quiescent until another trigger pulse is applied. These are called one- 
cycle multivibrators. In other multivibrators, plate current continually 
switches from one tube to another without the application of any driving 
voltage. ‘These are free-running multivibrators. 

The reason that multivibrators can determine their own cycle of opera- 
tion is that feedback is used. The multivibrator circuit comprises two 

tubes with /t-C coupling. If coupling is from the plate of each tube to the 
grid of the other tube, as in Fig. 284A, the multivibrator is said to be plate 
coupled. If one of the plate-bo-grid coupling circuits is replaced by 
cathode-to-cathode coupling, as in lig. 382A, p. 100, the circuit is a 
cathode-coupled multivibrator. 

The free-running plate-coupled multivibrator of Fig. 28.4 ts considered 
first. The figure shows the notation used: Subscripts 1 apply to tube 
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Vy and its circuit, and subscripts 2 to tube Ve. Capacitor subscripts 
depend upon the grid to which the capacitor is connected. 

When the power-supply voltages are applied to this multivibrator, cur- 
rents begin to flow in the plate circuits of the tubes. Also charges build 
up on the capacitors as the plate voltages of the tubes increase. If the 
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Fi@. 28. Free-running plate-coupled multivibrator. 


two halves of the circuit are alike, the tube currents may at first be nearly 
equal. However, balanced currehts cannot be maintained; any slight 
change in either current will bring about a cumulative change of the cur- 
rents as follows: Suppose a slight increase in the current drawn by tube 
V. occurs. ‘This increase causes an increase of the voltage drop across 


the resistor fz2, and thus a decrease in @»2. Because the voltage across 
. ° a . « . 
capacitor Cy cannot change instantly, the decrease m ey. 1s accompanied 
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by a decrease in é. A decrease of e.1 reduces the plate current Lael ye 
Thus the increase in the plate current of V2 must be accompanied by a 
decrease in the current of tube V;. In the same manner, the decrease of 
in, brings about an increase of t%2. Thus the shght initial increase Of te 
sets up a cumulative, or regenerative, switching action which ends with 2; 
reduced to zero and 7,9 increased to a maximum value. Though described 
as if it occurred slowly, this switching actually occurs extremely rapidly 
in a small fraction of a microsecond in well-designed multivibrators. 

In order to cut off plate current in Vy, the-grid of that tube must be 
driven negative beyond the cutoff voltage. The negative grid voltage 
results from a charge on the capacitor C;. Because this charge leaks 
off through resistor fyi, the grid voltage does not remain negative 
indefinitely but rises toward zero as the capacitor discharges. As soon as 
the cutoff voltage is reached, plate current begins to flow in tube V; and a 
second switching action takes place. This switching action is hke the 
first, except that now 7; is increasing and %» decreasing. Therefore 1t 
ends with V; carrying a maximum current and V2 cut off; that 1s, during 
the switching action the current is suddenly transferred from the plate 
circuit of one tube to that of the other. 

Since tube Vo also is cut off because of the voltage across a capacitor, it 
cannot remain so indefinitely. As soon as the charge on C2 has decreased 
so that the grid voltage of V2 reaches cutoff, a third switching action 
occurs, and current is suddenly transferred from I; to V2. Thus the 
eycle of operation of a multivibrator consists of periods during which first 
one and then the other tube is cut off, the switching from one condition to 
the other being very rapid. 

The waveforms of voltage obtained are shown in Fig. 286. The plate 
voltage of either tube is low when that tube is conducting and approaches 
the plate-supply voltage when the tube is cut off. The grid voltage of 
either tube is forced suddenly negative when the plate voltage of the other 
tube drops, and then it rises exponentially toward zero as the couphng 
capacitor discharges. When the cutoff voltage is reached, switching 
occurs, the tube conducts, and the grid voltage jumps suddenly positive 
as far as grid current will allow. 

Details of the waveforms may be explained in terms of an example, 
using the circuit constants indicated in parentheses in Fig. 254. 

At time ¢, (see Fig. 282), tube V, is cut off suddenly. The resulting 
plate voltage é, and grid voltage e.2 can be found exactly as was done for 
the R-C peaker in Art. 7. Thé-equivalent circuit for the charge of Ce 
during the cutoff interval af V,is shown in Fig. 294. The initial voltage 
across the capacitor is the voltage to which the capacitor discharged in the 
preceding period when the tube was conducting. The voltage at the 
plate side of C2 immediately before J; is cut off may be found by drawing 
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a 20-I< load Ine from 300 volts on the GSN7 curves and using the e, = 0 
point. Vhe value found is 97 volts. The corresponding voltage at the 
erid side of C2 is the cutoff voltage for "2, which 1s —18.5 volts. The 
initial eapacitor voltage 1s therefore 97 4- 18.5 = 115.5 volts. 

The initial eurrent im the equivalent eireuit) and initial values of ee 
and @,; may be calculated exactly as for the ??-C peaker. The results, 
S.8 volts for e-. and 97 + 27.3 volts for ¢ey;, are Indicated on the waveforms 
of Fig. 28B. Both the grid voltage e. and the plate voltage e,1 rise 
suddenly by 8S + 18.5 = 27.3 volts when V, 1s cut. off; as Ce. charges, 
€p, continues to rise exponentially toward 300 volts and e,2 decreases 
toward zero. The time constant of the exponentials, obtained from the 
equivalent circuit, 1s 21 ps. 
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Fig. 29. Equivalent circuits for coupling between plate of Vi and grid of Vein Fig. 28A. 


Before time é is reached, e; and e.. have attained their final values. 
Thus C2 is charged to 300 volts, and the equivalent circuit that applies 
in the period following time é¢2, when \; is conducting, 1s that of Fig. 29D, 
The value of E., is actually variable during this period because é.1 18 
first driven a few volts positive and then decreases to zero in the same way 
that e.. was driven positive and decreased in the preceding period. 
Nevertheless, as a first approximation, é.1 18 assumed to be constant at 
zero when V, conducts; and therefore in the Thévenin’s theorem equiv- 
alent circuit for Fig. 29B, the portion of the circuit to the left of the és: 
terminals is replaced by a battery of 97 volts in series with the parallel 
combination of Ry, = 20 Ix and ry; = 7.0 Is. 

Waveforms may be calculated from this Thévenin-theorem circuit, but 
the results obtained are negligibty different from those obtained if é1 1s 
assumed constant at 97 volts throughout the conducting period of V4. 
Because R,2 is so large relative to rp: and Pz; in parallel, the maximum 
voltage across 7,1 and Ry is 1 volt. This small voltage 1s neglected in the 
waveforms of Fig. 28B, the dotted line in the e wave 1s at a constant 
voltage of 97 volts, and the imitial point on the dotted curve for e@.2 1s 
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below zero by 300 — 97 = 203 volts—the sudden jumps in the @ and é.2 
waveforms are equal. 

After dropping suddenly to —203 volts, the grid voltage e.2 rises 
exponentially toward zero as C. discharges. In computing the time 
constant of this rise, the parallel combination of rz; and Fz; 1s neglected 
relative to R,2 for consistency with the previous approximation, and the 
time constant is found to be 7g;; = 1,000 uuf X 1 megohm = 1,000 us, as 
indicated in Fig. 288. The exponential rise of e.2 continues until the 
cutoff voltage (—18.5 volts) 1s reached; then the next switchmg process 
occurs. 

The positive peak in the wave of e.1, neglected in calculating values on 
the dotted waves, causes a negative peak in the wave of e,,. The nega- 
tive peak is an amplified and inverted replica of the peak in the e,; wave, 
as shown by the solid line in Fig. 286. Because of the long time constant 
of discharge of Ce, this peak appears also mn the egrid-voltage wave e.2 
superimposed upon the exponential curve already determined as shown 
by the solid line. The actual magnitudes of these peaks can be found 
from the plate characteristics of the tube, but 1t 1s seldom necessary to do 
SO. 

The waveforms of @, and e@.2 have now been determined by considering 
the charge and discharge of capacitor C2. In asimilar manner, the charge 
and discharge of capacitor C, could be considered and the waveforms of 
€yo and e,, determined. ‘These calculations are omitted here because they 
are the same as those already made. If the two halves of the multi- 
vibrator are exactly alike, the multivibrator is called balanced or sym- 
metrical. Then the two plate-voltage waves are alike, except for a shift 
along the time axis, as are also the two grid-voltage waves. 

The periods 7; and 7, (during which tubes 1; and V2, respectively, are 
cutoff) are the most often needed constants of a multrvibrator. The time 
T’. depends on the discharge time constant of C2, but the cutoff time zs not 
equal to the time constant. From the exponential part of the grid-voltage 
curve, the cutoff time may be calculated. Thus in Fig. 288, the dotted 
curve for €-2 18 an exponential, has a time constant of 1,000 us, and rises 
from —203 to —18.5 volts in the mterval 72. Therefore 


18.5 = 2038¢e77 1.000 
= on, ) 
e700 = Soe = 0.0912 
T, = 1,000 X 2.4 = 2400 us 





~ 
Observe that the cutoff time depends not only upon the time constant but 
also upon the ratio of the voltages involved. In this example, it is 2.4 
times as long as the time constant. 
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Krom the constants of the coupling circuit including Cy, the period 7’; 
could be ealeulated m an exaetly similar fashion. The sum of 7’; and 
Ty 1s the repetition period of the multivibrator. Thus the cireuit con- 
stunts determine the frequency at which the free-running multivibrator 
operates. 

14. Driven Plate-coupled Multivibrator. A different multivibrator is 
the cireurt of tubes Vy and V.in Fig. 830A. Tube V3 is a trigger tube 
used to apply a sharp pulse of voltage to imitiate each cyele of multi- 
Vibrator operation. The trigger tube remains cutoff and has no effect 
upon the multivibrator, except during the trigger pulse. 
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(A) CIRCUIT DIAGRAM 





(B) WAVEFORM 


Fie. 30. One-cycle plate-coupled multivibrator. 


The multivibrator of Fig. 30.4 cannot operate without a driving pulse. 
Because the grid of V2 is returned to a negative voltage below cutoff, V» 
would remain permanently cutoff and V; permanently conducting in the 
absence of trigger pulses. Ve 1s said to be the normally off tube, and V, 
the normally on tube. 

When a narrow positive pulse is apphed to the grid of V3, the plate 
voltage of V3 and V2 is made to drop momentarily. This negative pulse 
is apphed by Cy to the grid of V; and causes a positive pulse of voltage at 
the plate. The positive pulse is applied to the grid of V2 by C2, and if its 
amplitude is sufficiently large, it drives the grid voltage of \’2 momentarily 
above cutoff. Once tube V» begins to draw current, a regenerative 
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switching process occurs; V2 becomes the conducting tube and V,; the 
cutoff tube. This switching process is identical with that in the free- 
running multivibrator. 

Tube V7, cannot remain cutoff permanently, however, because its grid 
is returned to +300 volts. As capacitor C, discharges, the gnd voltage 
of tube V; rises exponentially toward +300 volts. As soon as the cutoff 
voltage is reached, V, begins to conduct again, a second switching process 
occurs, and the normal condition (V2 off, V; on) 1s reestablished. ‘This 
condition persists until another trigger pulse is'apphed because, even with 
C’, discharged to a steady-state voltage, the grid voltage of V2 1s —50 
volts, and this value maintains V2 cutoff. Thus the circuit is a one-cycle 
multivibrator. 

To trigger this multivibrator, a negative pulse may be applied to the 
plate of V2 (as in Fig. 380A) or directly to the grid of V1, or a positive pulse 
may be applied to the plate of 1 or the grid of V2 Whatever circuit 
arrangement is used, the positive pulse at the grid of the cutoff tube actually 
causes the cycle of operation to start. Unless this pulse is large enough to 
cause current to begin to flow in the cutoff tube, triggering is not accom- 
plished. Note that triggering can occur even though the trigger pulse 
alone 1s not sufhcient to cut off the conducting tube V,. 

Typical values of circuit elements are indicated in parentheses mm 
Fig. 304A, and corresponding waveforms are drawn in Fig. 806. Details 
of these waveforms may be determined exactly as was done for the free- 
running multivibrator. The waveform of e differs somewhat from the 
voltage at a plate of a free-running multivibrator (compare Fig. 285, 
p. 93) m that the vertical rise of é: 1s of much greater magnitude. This 
effect 1s obtained because the large negative bias for Ve and the long 
discharge time constant of C’, (0.01 sec) ensure that e.2 can rise only very 
shghtly while Ve. is cutoff. Thus Cs. may be considered a coupling 
capacitor, and é; and é€.2. are similar to voltages in coupling circuits (com- 
pare ig. 206, p. 80). Consequently the grid of JV. is not drven 
appreciably positive, and the negative peak at the bottom of the ey 
Wave 1s not pronounced 

The cutoft time of V1 1s the duration of the pulses produced by the 
multivibrator and is indicated as 7, in Fig. 8306. Because of the posi- 
tive-grid return for Vy, this interval 1s shorter than the interval 7. 
calculated for the free-running multivibrator, even though the initial 
and final values of grid voltage and the time constant of the exponential 
are the same. ‘To calculate. this Jnterval, note that the exponential 
in the e. wave is rising,toward +300 volts. Therefore, the initial 
value of the exponential, measured with respect to its steady-state value 1s 
300 + 203 = 503 volts. Similarly, the value of the exponential when 
V, begins to conduct 1s 300 + 18.5 = 318.5 volts. The cutoff interval 
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may then be caleulated from the equation 


318.5 = 503€77 1,000 
which yields 
1; = 1,000 X 0.456 = 456 gs 


The length of time that Vis cutotf (7s in Fig. 830/) is determined by the 
period of the applied trigger pulse. because J. once cutoff remains so 
until the next pulse is applied. Since the (rigger penod is assumed to 
be 1,250 us, Ts 1s 1.250 — 4156 = 794 ps. 

lnther positive or negative pulses having a duration of 456 ws and timed 
by the trigger pulses may be obtained from this eireuit. If positive pulses 
are desired, the output Is obtained from either the plate of 7; or the grid 
of Vs. If negative pulses are desired, the plate of sis used as the output 
terminal. 

Another driven-multivibrator cireuit is obtamed if the grid of Ve im 
Mg. 30.4 1s returned through /?,2 to the cathode. Such a circuit is 
capable of free running, but at a very low frequeney because of the long 
discharge time constant of Ces. It is useful as a driven multivibrator 
because of this long time constant; if trigger pulses are applied before 
the discharge of C. allows the grid voltage of Vs. to reach cutoff, the 
multivibrator operates in svnechronism with the driving source. If the 
discharge of Ce is made very slow and a Sm 
large-amplitude trigger pulse is used, the — Puses 
possibility of the multivibrator switching too 
soon or too late is avoided; moreover, a very 
nearly rectangular pulse is obtained. 

If this same circuit, with the grid of Ve 
returned to cathode, is used with trigger 
pulses of reduced amplitude, frequency divi- 
sion may be obtamed. The waveform of 
eee for a 3:1 division ratio is drawn in Fig. 
31. The positive trigger pulse at the grid 
of J}. is made so small that the first two times it is apphed, at cl and B 
in Fig. 31, the grid voltage is not raised to the cutoff value. By the time 
of the third trigger pulse at C, the grid voltage has risen cnough to allow 
the trigger pulse to extend above cutoff and to trp the circuit. 

15. Cathode-coupled Multivibrator. The circuit diagram of a much 
used cathode-coupled multivibrator is drawn m Tig. 382A. Note that 
R-C couphng is provided from the plate of \; to the grid of V2, exactly 
as in the plate-coupled multivibrator, but the coupling from plate of V: 
back to grid of V, 1s omitted. In its place, a cathode resistor common to 
the two tubes 1s provided. ‘Thus tube I. operates as a cathode follower— 









Fig. 31. Grid-voltage wave- 
form for frequency division. 
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changes in its grid voltage are repeated at its cathode and affect the 
grid-to-cathode voltage of V1. 

This circuit is a one-cycle multivibrator because, in the absence of trigger 
pulses, tube V» (having the positive grid return) conducts and raises the 
voltage of both cathodes. The grid voltage of J; 1s adjusted to a fairly 
low value by the choice of R,; and Re, and therefore the cathode of V1 1s 
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(C) 6SN7 CHARACTERISTICS (B) WAVEFORMS 


Ira. 32. Cathode-coupled multivibrator. 


positive with respect to the grid by a large enough voltage to keep V, 
cutoff. 

The multivibrator may be driven by positive pulses apphed to the grid 
of the normally off tube Vy, asin Vig. 324. If the pulse raises the grid 
voltage sufficiently to start current in Vy, a switching process occurs 
and the plate current changes from V2to V;. The switching proceeds as 
follows: Current in V, causes the plate-to-ground voltage én; to drop. 
Because of capacitor C2, the grid-to-ground voltage e.n2 drops equally; 
and since V2 1s connected as a cathode follower, e, also drops. The 
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decrease mM ¢;, Means an increase mn the grid-to-cathode voltage for Vy 
and an merease in the eurrent of V,.* 

Onee cut off V2 remains so, wlile C, discharges, until the cutoff point 
is reached and plate current begins to flow. Then the second switching 
process occurs. The current in J. raises the cathode voltage enough to 
eut off 1), and the igh plate voltage of 1, helps to turn on Ve. 

Igure 326 shows the waveforms of voltages w7th respect to ground. 
These are the voltages most convemently observed with an oscilloscope. 
The output voltage is the plate volage of Ve with respeet to ground if a 
positive pulse is desired or the plate voltage of 1) with respect to ground 
if a negative pulse is wanted. Details of these waveforms, using the 
errcult constants in fig. 824. are determined in the following example. 

The gnd-to-ground voltage of J) 1s assumed to be set to +70 volts by 
the voltage divider composed of resistors Py and /?». This value is main- 
tained except during the sharp positive pulses apphed through C,, as 
shown in Inge. 326. Before the appheation of a pulse, V1 is cutoff and 
therefore €or; 18 +300 volts. Beeause of the large value of /?,2 (2 meg- 
ohms) the gmd-to-cathode voltage of 72 may be assumed to be zero. 
Therefore, point -1 on the 20-I< load line for V. in Fig. 32C may be 
located: from this point the plate current of V2. 1s found to be 10.15 ma. 
Thus e, and é@ene are cach equal to 10 & 10.15 = 101.5 volts before the 


application of a trigger pulse. and eépn2 1s equal to 
300 — 10 X 10.15 = 198.5 volts 


A check should be made to see that 17; 1s actually cut off as assumed. 
The plate-to-cathode voltage is 300 — 101.5 = 198.5 volts, and the cor- 
responding grid-to-cathode voltage for cutoff 1s —12 volts. The actual 
grid voltage is 70 — 101.5 = —31.5 volts. Therefore the assumption 
of cutoff is correct, and a trigger pulse having an amplitude of at least 
19.5 volts 1s required to drive the multivibrator. 

At the time of the trigger pulse, V.1s cut off and V; begins to conduct. 
The 30-Ix load line in Fig. 32C’ may be used to determine the current in 
Vi. (Note that /?,2 1s so large that the effect on V, of current in C2 and 
Roo is neghgible.) Because of the cathode resistor, the operating point 
(pot B in Fig. 32C) is not at e, = 0, but rather at a poimt where 
Cunt = Cr t+ €or has the given value of 70 volts, which poimt may be 


*It might seem that the increase of current in V1 would offset the decrease of 
current in V». and result in no change of the cathode voltage and no switching process. 
This, however, is not true. With constant grid voltage for Vy and decreasing grid 
voltage for Vo, the total current in /?, must decrease, and therefore e, decreases. The 
changes of current in V1 cause the cathode follower JV’. to operate into a very low load 


resistance; thus the changes of e, are considerably less than the corresponding changes 
es 
of Con? 
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located by trial-and-error calculations.' From point B the current in} 
is found to be 7.08 ma; and therefore during the conducting period of Vi, 
e, is 70.8 volts and én, is 300 — 20 X 7.08 = 158.4 volts. The grid 
voltage ¢.n2 must drop suddenly by the same amount as @n1, and therefore 
it reaches the initial value of 101.5 — 20 X 7.08 = —40.1 volts. 

The grid-to-cathode cutoff voltage of V2 for this period is —14 volts, 
corresponding to a plate-to-cathode voltage of 300 — 70.8 = 229.2 volts. 
Thus V2 again conducts when en rises to 70.8 — 14 = 56.8 volts. All 
these values of voltages are indicated on the waveforms in Fig. 328. 

When V_ is first cut off at the end of the multivibrator pulse, a positive 
peak appears in the grid-voltage wave éen2 and the plate voltage éyn1 rises 
exponentially toward 300 volts exactly as e,: does in plate-coupled multi- 
vibrators.2 If the trigger pulse is of large amplitude, the negative pulses 
(shown dotted in Fig. 32B) appear in the waveforms of @jn1 and €en2 
because a large trigger pulse increases the current in V; momentarily to a 
higher value than the circuit can maintain. 

To determine the duration of the multivibrator pulse, which is the cut- 
off time for V2, the time constant of the exponential rise of @cnz 1s needed. 
Because FR,» is much larger than 211 im parallel with the plate-to-ground 
resistance of V,,* this time constant is very nearly 


100 uuf *X 2 megohms = 200 us 


The initial amplitude of the exponential in the é.n2 waveform, measured 
from the steady-state value of +300 volts, is 340.1 volts. The value at 
the cutoff point is 300 — 56.8 = 243.2 volts. From the exponential 
relation 

DA oO ke ae 


The value of 72, the cutoff interval of V2, 1s found to be 67.5 us. 

The positive pulse applied to the grid of V; is not the only method of 
triggering a cathode-coupled multivibrator. Negative pulses at the 
plate of 1; or grid of V2 may be used equally well. Often a trigger tube 
is connected in parallel with 1°,, and positive pulses applied to the gnd 
of the trigger tube cause negative pulses at the plate of Vi. If an avail- 
able positive trigger pulse is followed by a negative overshoot, a trigger 


1See Art. 3, p. 61, for similar calculations applied to the cathode follower. 

2 In calculating the amplitude and time constant of this peak, it must be remem- 
bered that the rise of grid voltage causes the cathode voltage to rise. The equivalent 
yrid-to-ground circuit for V2 is the daput circuit of a cathode follower (Fig. 7, p. 66). 

* The plate-to-ground resistance 18 very high beeause of the cathode resistor. Any 
increase of current in J, increases the magnitude of the negative grid-to-cathode 
voltage beeause of the voltage drop across ,y; therefore the plate-to-cathode voltage 
of V, must increase greatly to allow the inereases of current. The apparent resistance 
from plate-to-ground is rp, + /k(u + 1). 
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tube may be used to clip away the overshoot, which otherwise might 
rause cutoll of 1) mmmediately after the positive trigger started conduc- 
fon m FF. 

A particular advantage of this circuit is that the duration of the output 
pulse may be controlled by adjustment, of the bias voltage applied to the 
erid of Vy. Inthe example of Mg. 32, if Ry or Reis changed so that @cn1 IS 
less than 70 volts, the current in Wy during the multivibrator pulse is 
decreased. Asa result, the plate voltage of 17) is higher during the pulse 
and the eathode voltage lower. The exponential rise of en. therefore 
begms at a higher value and ends at a lower value, and the cutoff time of 
Veis decreased. The multivibrator pulse is made shorter by decreasing 
the voltage at the gmd of 1) and longer by raising this voltage. 

The voltage @eny must, of course, remain within a certain range if the 
multivibrator ts to operate correctly. As en.) is decreased, the values of 
€eno at the beginning and end of the pulse approach each other. At the 
particular value of @cn, corresponding to zero pulse length, these two 
values become equal, and for this or lower values of ¢..1 the multivibrator 
cannot be triggered. If e..; 1s increased too far, a point is reached at 
Which J; cannot be held off between pulses, and free-running operation 
is obtained. At the end of each pulse, 1, 1s cut off momentarily by the 
harrow positive peak in the e; waveform (see Fig. 323). As soon as this 
positive peak is over, 17, 1s allowed to conduct and another pulse is begun. 
High values of e..; may also cause V, to draw grid current during the 
pulse. Grid current in V, interferes with proper control of e@en1. 

By correct choice of /?z; and Rx, the duration of the output pulse can be 
made a very nearly linear function of the voltage een, for variations within 
the range of correct operation. This property is useful in range-measur- 
ing circuits. For example, a step or other range-marker waveform can 
be produced at the time of the trailing edge of the multivibrator pulse, 
and the marker can be varied in position by adjustment of @cn1. The 
voltage @€cen1 can then be used to indicate the range to the marker with 
considerable accuracy. 

To understand how the linear relation can be obtained, consider first 
the relationship between the grid voltage e.,; and the change of é@ceng during 
a pulse. The value of @cene at the beginning of the pulse is a lnear func- 
tion of the plate current of 1°; during the pulse. The value of é€.n2 at the 
end of the pulse also is essentially a linear function of 7, because, to the 
extent that the cutoff voltage of VW. 1s proportional to ese, the value of 
€-ng 1S a linear function of e, = wR, The plate current 2; during the 
pulse is very nearly a linear function of @cn. ‘Thus, except for tube non- 
linearities, a linear relationship between écn; and the change of écng during 
a pulse exists. 

The change of é.,2 during a pulse is proportional to the pulse duration, 
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provided that the average discharge current for C2 1s independent of pulse 
duration. The discharge current varies considerably during a pulse; in 
the example of Fig. 32, it decreases from (340.1)/2 = 170 wa at the 
beginning to (243.2)/2 = 121.6 wa at the end. Nevertheless, #2; and 
R, can be so adjusted that decreasing é€.n; raises the grid voltage of V2 at 
the beginning of the pulse and simultaneously lowers the grid voltage at 
the end in such a way that the average discharge current for C2 1s nearly 
the same for any length of pulse. Therefore proper adjustment of these 
resistors makes the pulse duration a very nearly linear function of @ent. 

16. Phantastron Delay Circuit. Another circuit for producing a con- 
trollable delay time is the phantastron of Fig. 334. This circuit employs 
a pentagrid tube, Type 6SA7, instead of a double triode, yet its operation 
is very similar to that of the cathode-coupled multivibrator. 

The type 6SA7 tube may be considered equivalent to a pentode with 
the screen grid replaced by the structure comprising grids 2, 3, and 4. 
Grids 2 and 4 are connected together and to a positive potential and func- 
tionasascreen grid. Grid 3 functions as an additional control grid; some 
of the electrons pass through it and reach the plate, but others are 
returned toward the cathode and eventuaily collected by the screen grid. 
Changing the voltage of grid 3 has two effects: (1) The division of current 
between plate and screen grid is altered—a negative increment of grid 3 
voltage reduces the plate current and increases the screen-grid current. 
(2) The cathode current 1s changed—some of the returned electrons pass 
through the screen grid and tend to decrease the electric field near the 
cathode, thus causing the decrease of plate current to be greater than the 
corresponding increase of screen-grid current. Grid 1, like the control 
erid in a pentode, controls the sum of the plate and screen-grid currents 
with little effect upon the division ratio. Grid 5 functions as a suppressor 
grid. Grids 1 and 3, like the control grid of a triode, draw current when 
at a positive voltage with respect to the cathode. 

Figure 33A 1s drawn in such a way as to show the very close relation- 
ship between the phantastron circuit and the cathode-coupled multi- 
vibrator of Fig. 832A. The plate, grid 3, and cathode of the phantastron 
tube are analogous to the elements of triode VY, 1n Fig. 324. The screen 
grid, grid 1, and cathode of the phantastron correspond to the elements of 
triode Vo. 

The plate section may be thought of as a normally off ‘“‘tube,’”’ and the 
screen-grid section as a normally on “tube.’’ In fact, before a trigger 
pulse is apphed, grid 1 is at duthode potential because of the positive 
return of ft, and a large sereen-grid current flows. As a result, the 

cathode voltage e; 1s well above the voltage of grid 3 and plate current is 
very nearly cutoff. Application of a positive trigger pulse to grid 3 
starts the flow of plate current, thereby reducing the plate-to-ground 
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voltage e, and the gmd 1 voltage e.,,. Asa result, the cathode voltage 
drops as in a cathode follower and an increase of plate current is caused by 
the higher grid-3-to-eathode voltage. Thus a switching process starts 
exactly as in the cathode-coupled multivibrator. 
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Iic. 33. Basic phantastron delay circuit. 
¢ 


In the cathode-coupled multivibrator, this switching process ends with 
V. cutoff. In the phantastron, it cannot go so far because, i een1 were 
reduced enough to cut off screen-grid current, plate current also would be 
stopped. Without plate current, the drop of écnx1 could not occur, 


To show more clearly the limit of the switching process and other 
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details of the waveforms produced, the characteristics of Fig. 33C are 
used. These curves apply only for the circuit constants in Fig. 334; 
they are obtained by applying various constant voltages to grid 1 and 
measuring the corresponding values of plate current 2%, screen-grid cur- 
rent te. + t4, and grid 3 current 2.3. During the determination of these 
characteristics, an adjustable resistor in series with a microammeter is 
connected across /?;, to furnish a plate-current component equal to the 
current that flows through Cin normal operation. Operating conditions 
when @cni 18 less than ec; are to be studied, and therefore current in C 
equals the current in /t,, which is (44, — @en1)/f,. Hence, at each point 
for which data are taken, the adjustable resistor is set to draw this 
amount of current; for example, at é@.n1 = 30 volts, the resistor is adjusted 
for a current of (300 — 30)/5 = 54 wa. For use in determining the 
initial state of the circuit, a small portion of the 7 curve (shown dashed 
in Fig. 33C) 1s determined with no allowance for capacitor current. Cor- 
responding portions of similar 2.2 + t-4 and 7,3 curves are indistinguishable 
from the solid-line curves. 

Figure 33C indicates that no electrons leave the 6SA7 cathode for 
values of ens below —15 volts. An imerease of @en,1 above this value 
causes the expected smooth increase of secreen-grid current. Small 
mereases Of €.n1 also cause increases of plate current and grid 3 current. 
With further merease of é.n1, these currents pass through maxima and 
begin to decrease because of the positive cathode voltage resulting from 
the current (mostly 7.2 + 7.4) in Ry. For values of @en1 above 30 volts, the 
grid-3-to-cathode voltage is negative and 7.3 is zero. For values of écn1 
above 55 volts, the negative grid-3-to-cathode voltage is of sufficient 
magnitude to prevent any electrons from passing through the third grid 
toward the plate. 

The curves of Fig. 33C may be applied to determine points on the wave- 
forms of Fig. 33B. In the steady-state condition before the trigger pulse 
1s apphted (point A of Fig. 338), grid-3 current is cutoff, plate current is 
nearly cutoff, capacitor current is zero, and é@en1 = e% because grid | is 
returned to Hy». The exact operating point (4 in Fig. 33C) is deter- 
mined by a trial-and-error calculation for which the final trial is 
Cent = OL volts, 2-3 = 0, 71 = (300 — 51)/5.000 = 0.05 ma, 


- +t led = 5.06 Ma 
% = 0.005 ma (obtained from the dashed curve), and 
er = 10(0.05 + 3:06 + 0.005) = 51.1 volts 


. . ° x . 
which ts essentially equal to the value assumed for e.n1. The plate volt- 
uge 1s 


(rn = 300 — 0.005 * 1,000 = 295 volts 
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and the grid 3 voltage 1s 


‘ ; oO wyee 4 
Cong = 300 XK =-——— = 27.3 volts 
59 + 50 
By Thévenin’s theorem, the sereen-grid-supply voltage divider 1s equiv- 
alent to an §5.7-volt battery in series with a 4.28-l< resistor. Therefore 


8 = S>7 — 828 < 5.06 = 68.0 volts 


These initial voltages are marked in lig. 3835, 

Appheation of a positive trigger pulse starts the switching process by > 
causing an inerease of % and a deerease of ey, and Cent. According to 
Fig. 338C, the decrease of ¢eny causes an additional increase of %, and the 
switching process continues. After the peak of the a curve 1s passed, 
an equilibrium pomt marking the end of the switching process 1s reached 
at values of 7 and e.,, that satisfv not only the 2%, een, relation of the tube 
but also an 72. @en, velation determined by the cireuit elements connected 
to the tube. The end point of the switching process can be found by a 
trial-and-error calculation, but a quicker method is to locate the mter- 
section of an appropriate resistance line with the 2, @en1 curve of Tig. 33C. 
The resistance line specifies the relation between a and @en: fixed by 
resistors ?, and F?, and the voltage on capacitor C. 

The resistance line may be determined by expressing 7) as the sum of 
the currents in R, and Ry. Thus, if e, is the capacitor voltage, 


_ 300 5 te heey 800 — Cent 
— 10° 5 x 10° 
10°, a (360 ie Cx) -_ O5 Cen) (19) 


At the time of the switching process, e, is 295 — 51 = 244 volts, and 
Equation 20 describes the start-of-pulse resistance line in Fig. 338C for 
which 7, = 116 va at éeny = O and the slope is — §§ ua per volt. 

From the intersection B between this line and the 2, curve, the values 
Cony = —6.8 volts and % = 124 wa are read. Corresponding points on 
the other curves indicate 7.2. + t%-; = 0.18 ma and 2.3 = 50 wa. Voltages 
Cond ANd €cn3 can be found from these current values with the help of 
Thévenin’s theorem. The plate voltage ts 


Con = Cr t Cony = 244 — 6.8 = 237.2 volts 
and e, is the voltage produced across A; by the cathode current 


4% = 0.18 + 0.124 + 0.05 = 0.354 ma 


The initial pulse voltages are indicated at points B in Fig. 338. 
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After the first instant of the pulse, e, decreases because of the capacitor- 
discharge current. Decrease of e, moves the resistance line in Fig. 33C 
upward (see Eq. 19), and the operating pomt on the 2 curve therefore 
moves upward from point B. The phantastron continues in the plate- 
section-conducting condition until the resistance line reaches the end-of- 
pulse position in Fig. 33C, tangent to the 2 curve at pomt D. Further 
decrease of e, moves the resistance line so that it does not cross the 2 
curve at any point, and the plate-section-conducting condition can no 
longer be maintained. ‘The second switching process therefore occurs, 
the pulse ends, and the phantastron returns to its original condition. 

Voltage waveforms during the pulse may be determined point by point 
using several positions of the resistance line. ‘Torllustrate the procedure, 
calculations are made at the end point D and on intermediate point C as 
follows: Between points B and C in Fig. 33C, % rises sharply, causing a 
considerable decrease of €yn, but @cni Increases only a few volts (see the 
wavetorms of Fig. 335). The decrease of e, during this interval is there- 
fore mostly associated with the decrease of @n. At point C, @cn, 18 2 volts 
and tw 1s 0.8 ma. From Eq. 19, ez 1s 57.6 volts, and therefore é, 1s 
57.6 + 2 = 59.6 volts. Between points C and D, 7% remains nearly con- 
stant, the change of ep), 1s not great, and e,,,; Increases to allow for the 
continued decrease of e,. Thus the rounded corner of the @en; Wave is 
produced. At point D, €en: 1s 29 volts, 2%, 18 0.805 ma, and therefore e; is 
20.2 volts and @&, 1s 49.2 volts. 

The duration of the phantastron pulse is the sum of time intervals 7’, 
and 7’. marked in Fig. 3356. During interval 7’,, the capacitor current 
decreases from (300 + 6.8)/5 = 61.33 wa to (300 — 2)/5 = 59.6 wa. 
The change of current is very small, and therefore the capacitor voltage 
changes at an essentially constant rate, and the portion of the ¢, wave- 
form between B and C is very nearly a straight line. With small error, 
the discharge current may be assumed to have a constant value 


61.33 + 59.6 


ao = 60.5 ya 


The change of capacitor voltage in the 7; interval is 
244 — 57.6 = 186.4 volts 
and thus the capacitor relation 2 = Cde/dt yields 


yp _ CAe — 500 X 186.4 
= ale 





= 1,540 us 

. 

Similarly, the change of voltage during interval 7. 1s 37.4 volts, and the 
discharge current varies between 59.6 and 54.2 wa. The approximation 
of a constant current (56.9 wa) is slightly less accurate than before, but 
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the time interval is short so that small percentage errors in its calculation 
are unmmportant. Thus 


900 X 374 


06.9 


1% = = 329 US 


The pulse duration is therefore 1,540 + 329, or 1,869 us. 

The very high value of 2; (1 megohm) is used in order that the change 
Of @en1 during the pulse may be small and the rate of discharge of C nearly 
constant. ‘The constant. discharge rate is needed to make the pulse dura- 
tion vary mm proportion to changes of a control voltage. A disadvantage 
of the high value of AR; is that after the pulse the plate voltage returns 
relatively slowly to +300 volts, as shown in Fig. 333B. Because /?, is 
high, @en1 is limited effectively to its value at the grid-current point, and 
the plate voltage can jump initially only as far as e.,; does, which is a 
little more than 22 volts. Following the jump, eé, rises exponentially 
with a time constant of 500 us as C charges through ?; (the equivalent 
grid resistance is negligible compared with /?;). Because of this rela- 
tively slow recharging of C, a long period must elapse after the pulse 
before the circuit 1s ready for a second triggering. 

If a cathode follower is added to the basic phantastron circuit, as in 
Fig. 384A, the time required for recharging capacitor C between pulses is 
greatly reduced. The plate circuit of the pentagrid tube V; has merely 
to raise the grid voltage of the follower; current from the plate-cathode 
circuit of the follower is used to charge the capacitor. During the pulse 
the cathode follower causes no essential change in the circuit operation, 
though the loading effect of R, on the plate circuit is removed, and the 
changes of én; are a httle less than the corresponding change of pn. 
Waveforms of ¢, and é€.n; appear in Fig. 34B for comparison with the 
waveforms in Fig. 338. 

In Fig. 344A a diode for controlling the pulse duration is shown also, and 
a negative trigger pulse is applied through the diode to the plate of V1. 
The diode limits the voltage to which Cis charged between pulses. Thus 
if potentiometer /t, 1s set for +200 volts at the tap, the diode conducts 
when the plate voltage of V1 rises to this value. Between pulses én 1s 
limited very nearly to 200 volts, because Rs and Ft. have very low resist- 
ances In comparison with the !-megohm resistor &,. Corresponding to 
Cyn = 200 volts, the cathode-to-ground voltage of V2is 201 volts. Since 
the grid voltage é@.n; 1s not affected: by the diode, the pulse 1s begun with 
only 201 — 51 = 150 volts across C instead of the 244 volts obtained 
without the diode. Because the diode is cutoff during the pulse, the 
voltage across C at the end of the pulse is in no way affected by the setting 
of Rs. Thus the change of voltage on C during the pulse is controlled 
directly by the adjustment of /?s. Since Cis discharged at an essentially 
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constant rate, the duration of the pulse varies in an almost perfectly 
linear fashion with the control voltage at the tap on /%.. 

The output voltage is normally taken from the cathode of Vo, as 
indicated in Fig. 3444. Vhe waveform of this voltage is essentially the 
same as that of e, shown in the figure. The trailing edge of the pulse, 
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(B) WAVEFORMS 
Kia. 34. Phantastron with cathode follower and diode. 

which is delayed by an amount controlled by A. does not mse with 
extreme rapidity because the shunt capacitance of the circuit must be 
charged through the high resistance R,. Consequently, if a delayed 
trigger pulse is desired, the output waveform 1s generally used to trigger 
a blocking oscillator (see Art. 21) in order to obtain a sharp pulse. 

17. Tube and Wiring Capacitances. The capacitances between 
electrodes in tubes and from circuit elements and wiring to ground, 
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though neglected in the preceeding articles, actually have an appreciable 
effect upon the waveforms obtained in timing circuits. Tn sine-wave 
amplifiers these small capacitances reduce the gain at high frequencies. 
In timing circuits they tend to round off sharp corners of pulses, to delay 
steep wavefronts slightly, and to broaden very narrow pulses and reduce 
their amplitudes. These effects occur beeause a quick change of a volt- 
age requires an equally quick charge and discharge of the eapacitances. 
Sinee the sharp corners and steep sides of a pulse give rise to the high- 
frequeney terms mn its Fourier series (Art. 3, Chap. VI), the effeet of 
‘apacitanee on sudden changes corresponds to the attenuation of high 
frequencies. 
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Fre. 35. Effect of tube and wiring capacitances on overdriven amplifier. 


An example of the effects of shunt capacitance 1s provided by the pulse 
amphfier of Fig. 354A. Suppose that the circuit constants are as indi- 
cated and that the driving source is capable of providing the input voltage 
wave e€, (see Fig. 3558) with essentially vertical sides, despite the input 
apacitance of the amplifier. Interelectrode capacitances of the tube, 
together with an assumed value of wiring capacitance, are indicated on 
the figure. 

Immediately before time ¢,, the tube is held cutoff by the negative 
orld voltage, and e 1s equal to the supply voltage, 300 volts. Therefore 
the equivalent circuit before time ¢; 1s that of Fig. 364A with switches S, 
and Se open. Voltages across the capacitors are as indicated. The 
jump in e, at time ¢; corresponds to closing S; and S» simultancously—the 
50-volt jump is applied through C,, to the plate circuit, and simul- 
taneously the tube is made to conduct. Closing S; completes a senes 
circuit through the two capacitors; the net voltage of 50 volts transfers 
charge from C,, to Cp, and Cy at a rate limited only by the resistance of 
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the source of e,. The charge on (C,, before time ¢; 1s 
350 &X 4 = 1,400 pucoulombs 


and that on Cp. + Cy 1s 300 & 11.2 = 3,360 pucoulombs. Very shortly 
after S; 1s closed, this total charge is shared by the capacitors mn parallel. 
Thus the initial value of e, during the pulse is 


|,400 + 3,360 


$4113 = 313 volts 


Tails. 


and the equivalent circuit applicable during the pulse is that shown in 
ig. 3608. 
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Iie. 36. Equivalent circuits for amplifier of Fig. 354A. 


Another way to explain the rise of e, at the front edge of the pulse 1s to 
note that capacitors C,, and Cy, + Cy form a capacitance voltage 
divider for the application of a fraction of the change of e, to the plate 
circuit as a change of e. Because the wavefront of e. 1s so steep, the 
resistor currents are neghgible in comparison with capacitor currents. 
Capacitance voltage dividers function with changes of voltage in the same 
way as resistance voltage dividers do with ¢otfal voltages, thus! 


| 2 
a= 2, eS Oh 
a, i al 
i) Ca. 1 ee 


which agrees with the result obtained in terms of total charge. 
Following the time é, in Fig. 35, capacitors Cyp, Cpr, and C, in parallel 
discharge exponentially to 50 volts (the value obtained from a 60-Kx load 
hne drawn on the 6SN7 curves). » The value of r, over the region of the 
e- = Olme between eg = 50 volts and e, = 313 voltsisabout 7 Kk. MThere- 


tSince &R = e/t'and 1/C = (de/dt)/i, the reciprocal of capacitance is analogous to 
resistance in the voltage-divider relation. 
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fore, the time constant of the discharge is 


rae = 15.2 X OX! x 10-3 = 0.0052 us 
eo 7 
as indicated in Fie. 358. 

When time és is reached, the capacitance voltage divider causes e to 
drop 13 volts when e. drops 50 volts. Following this instant, the equiv- 
alent circuit of Fig. 86C applies, and e returns exponentially to 300 volts. 
From the figure, the time constant: is 


Toh = 10.2 K 60 X 107% = 0.912 us 


The entire waveform of ¢ is drawn in Fig. 854. Note that the negative- 
going edge at the front of the ¢e, pulse is much steeper than the positive- 
eoing edge at the end of the pulse, because the plate-circuit resistance is 
low when the tube conducts. 

Krom this example, it 1s clear that tube and wiring capacitances must 
be mimimized if waveforms with sharp corners and steep edges are to be 
produced. Pentodes are frequently used to obtain steep edges and 
especially to reduce the effect of grid-to-plate capacitance. ‘To deter- 
mine the effect. of pentode capacitances, consider C,, to be zero, and use 
the values given in tube handbooks for C; and C, in place of Cj, and Cor, 
respectively. 

Reducing the load resistor is noé the equivalent of reducing the capaci- 
tances, even though mm lnear amplifiers the resistance and capacitance 
have equivalent effects upon high-frequency response. In overdriven 
circuits the output wave is frequently applied to another overdriven tube 
to change the grid voltage of the second tube from zero to far below cutoff. 
Then the only concern is to make steep the small portion of the wave- 
front that corresponds to the region between zero and cutoff for the 
second tube; time constants are not of direct importance. Reducing the 
load resistance always reduces the time constants but may either reduce 
or increase the steepness of particular parts of the wavefronts. In the 
amplifier circuit of Fig. 354, for example, the initial slope of a negative- 
golng jump in the output wave is unaffected by the size of the load 
resistance, for at the top pomt the tube is discharging the capacitances 
and the load resistance 1s carrying no current. At lower points on a 
negative-going edge, the wavefront is made steeper if /¢, is made larger 
because the voltage toward which the exponential is falling is made 
smaller. For the positive-going edge, however, lower values of F, 
increase the steepness at each poimt, as well as reducing the time con- 
stant (though httle 1s gained in steepness if A, 1s reduced to values less 
tame? 5). “ 
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Capacitances are important in the operation of cathode followers as 
well as amplifiers. When both are operated in the linear range of thei 
characteristics, cathode followers can produce steeper wavefronts than 
amplifiers because of the low internal resistance of the follower. Jhhen 
both are overdriven, cathode followers are nof superior to amplifiers in 
generating steep edges. If a positive-going wavefront is applied as an 
input voltage first to an amplifier and second to a cathode follower com- 
prising the same tube and load resistor, the changes of output voltage 
will be equally rapid in the two circuits, provided each grid is driven to 
zero voltage (or to equal positive voltages) and provided capacitances 
are the same in each circuit. This is true because the same current Is 
available in each circuit to charge the capacitances. Similarly, i 
large negative-going wavefront is apphed, both tubes will be cut off 
and the changes of output voltage will be equally rapid. Actually, the 
cathode follower has the disadvantages of possessing extra capacitance 
from cathode to heater and of requiring a greater rate of change of mnput 
voltage to produce the same rate of change of output voltage.' Note 
that a cathode follower can produce steep rises of output voltage because 
the tube conducts to cause the rise, but not so steep drops of output 
voltage. (Contrast this statement to the waveform for the amplifier 
in Fig. 355.) 


C. R-L-C CIRCUITS 


Inductors as well as resistors and capacitors are employed in radar 
timing circuits. Self-inductors are used to generate narrow pulses of 
voltage or, in combmation with capacitors, to produce timing oscilla- 
tions. Mutual inductors (usually closely coupled tron-core transtormers) 
are useful as interstage coupling devices and in special feedback circuits. 
Inductors and capacitors connected together to form artificial transmis- 
sion lines serve to control time relations between waveforms and to 
produce pulses of special shape. 

The operation of /?-L circuits is analogous to that of the R-C circuits 


1 For very sudden changes of input voltage, the input capaertance of an amplifier is 
Cox parallel with the series combmation of Cy, and Cp, + Cw (see Fig. 354A), because 
in the first mstant resistor currents are negligible compared with capacitor currents. 
The corresponding capacitance for a cathode follower is Cj, m parallel with the series 
combination of Cy, and Co, + Cy + Cra, where Cra is the capacitance between cathode 
and heater. These two input capacitances are nearly the same in value; therefore the 
higher rate of change of mput voltage required by a cathode follower actually is a 
disadvantage. ’ 

The approximation used ‘with linear amplifiers that C; = Cor + Cyp(1 + A) 1s 
valid only for mput-voltage changes so slow that the tube and wirmg capacitances 
have little effect upon the output voltage. The equivalent approximation for the 
cathode follower is C; = Cop + Cyxr(1 — A). 
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in Sec. B. The following facts about inductance correspond to those 
stated for capacitance in Art. 4 and should be memorized: 
Ll. The voltage-current relation for an induetor is 
d 


; 


INO 


The current through an inductor eannot be changed instantly. 
The average voltage across an inductor is zero. ! 

+. ‘Transients in single-inductor R-L cireults are always exponential, 
with time constant L/R. 
Inductors in timing circuits most frequently appear as part of R-L-C 
circuits rather than the simpler /??-L circuits, because even if an actual 
capacitor is not placed in the circuit, the capacitance between turns of 
the coil is generally large enough to be important. The combination of 
clements most often encountered is resistance, inductance, and capaci- 
tance in parallel. 

18. Transients in Parallel R-L-C Circuits. Corresponding to the 
time constant associated with R-C or P-L circuits, there are two con- 


stants that characterize parallel /??-L-C circuits. These constants are 
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the resonant frequency fo and the quality factor Q. Their meaning is 
most readily explained by reference to the circuit and steady-state 
impedance-frequency curves of Fig. 37. A sinusotdal voltage, 


e= £,, sin wf 


1 Statement 3 assumes that the current is the same at the beginning and end of the 
averaging period and that the inductor has no winding resistance. 
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where w is 24 times the frequency, is assumed to be apphed to the circuit; 
as aresult, asinusoidal current, 7 = /,, sin (wt + @), flows from the source 
of e. The magnitude of the zmpedance, or ratio L,,/1,,, 18 plotted mn Fig. 
37B as a function of the frequeney of the sine waves. 

The resonant frequency fo 1s the frequency at which the 90-deg leading 
current in the capacitor is exactly equal in magnitude to the 90-deg 
lagging current im the inductor. At this frequency the net current 
drawn from the source is the current in #, and the impedance of the 
entire circuit equals ?. At lower frequencies, the inductor draws a 
ereater current than the capacitor; hence the total current from the source 
is increased, and the impedance is less than ft. Similarly, at higher 
frequencies, the capacitor current exceeds the mductor current, and the 
impedance is decreased. ‘Therefore, fo marks the peak of the impedance- 
frequency curve. The value of fo can be determined from the require- 
ment of equality of the currents m the capacitor and inductor. At 
resonance 

Bin 
2af ol. 





ie xX 2rf oC = 


and therefore 
lt 


Se 
T, = ne >/LC (23) 


where 7’ is the period of a resonant-frequency wave. 

The quality factor Q specifies the suddenness of the decrease of imped- 
ance above and below the resonant frequency. This factor is defined 
in Art. 2 of Chap. IX in terms of power loss and stored energy for any 
form of resonator, and the general definition is shown in that article to 
reduce to 


Q) = woh oa 


fo 


or 


h he 


— VLTe for parallel R-L-C circuit (24+) 





Kach of these expressions is the ratio of the resistance in the parallel 
circuit to the reactance at resonance of either the inductor or the capaci- 
tor. Since the same voltage is applied to the resistance and the reactance 
of a parallel circuit, an equivalent expression is 

current in cither L or Cl = 


5 ee for parallel R-L-C circuit (25) 


resonance 


If at resonance the leading current in C and the equal lagging current 
in /, are very large relative to the current in R, then a small shift from the 
resonant frequency causes a considerable increase in source current and a 
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large decrease of impedanee. If, on the other hand, a small capacitor 
current Is balanced by a small induetor current at resonance, the change 
of mnapedance with frequenev is not so rapid. In this way, a high Q 
eorresponds to a sharply resonant eireuit, and a low Q to a broad maxi- 
mum of the impedanee curve, as nndiecated in hie. 875. 

Frequently a definition of Q that is the reerprocal of one of the expres- 
sions of Eq. 24 is encountered. Such a value for @ is obtamed if the 
basie definition of Chap. IX is apphed to a sertes R-L-C ecireuit imstead 
of the parallel circuit here considered. ‘This 

wol were 


Of 2 ~ oR > Rp for saves f1-L-C cirourt (26) 


The expressions for Qin Eq. 26 may be apphed also to a cireiit comprising 
a capacitance C in parallel with the serves combination of R and LL. 
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Fic. 38. Voltage transients in parallel R-L-C circuits. 


Transients in R-L-C circuits are not all of the same shape. Instead, 
the form of the transients depends upon the Q of the cireuit. In Pig. 384, 
an initial steady current J is assumed to be built up in the inductance JL, 
and the variations of e after the switch is opened are plotted in ig. 388. 
The curves are all drawn for the same values of L and C but for different 
values of Q corresponding to different values of A. 

If R is open-circuited, so that Q is infinite, the transient is a sinusoidal 
voltage wave, as in Fig. 3838. Because the inductor current cannot 
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change instantly when the switch is opened, the current Jo flows from L 
into C and causes the voltage e to increase because of the charge placed 
on C. The voltage across the capacitor causes the current to decrease. 
The voltage reaches its maximum value when the current is zero, because 
a further decrease of current means a reversal of direction and a dis- 
charge of the capacitor. At ¢ = 0, energy is stored in the inductance 
because of the magnetic field set up by the current Jo. When the 
muductor current decreases to zero and the capacitor voltage is at its 
maximum, this energy is all transferred to the electric field of the capaci- 
tor. As the capacitor voltage decreases after reaching its peak, the 
energy is returned to the inductance, the return of energy being complete 
when e = 0. The reversed current in 1 then charges C in the direction 
to make e negative; and so the process continues, energy passing from 
one element to the other and back and e oscillating above and below the 
zero axis. Since the circuit is assumed to be lossless, the amount of 
energy transferred does not change and the oscillation continues at 
constant amplitude. In fact, the energy in the electric field of the 
capacitor at each peak of the oscillation equals the initial energy in the 
magnetic field of the inductor, or 


16 Cemax? = L6LI? 


Cmax >= I Je C25 


where @nax 18 the maximum value of e. 
The sinusoidal form of the oscillation can be verified as follows: The 
current 2¢ (see Fig. 384) flowing into C is related to e by the equation 


and therefore 


cL om 
i dt 


The voltage e is also the voltage across L and is related to the current 7, 
(see Fig. 384) in the inductor by 


dt, 
ome 
: dt 
With the switch open and R open-circuited, 7, = —tc, and therefore 
Oe P: de 
or 
?. 
de 7 | 
de ~~ ze° 28) 


Hquation 28 states that the rate of change of the slope of the curve of e 
is proportional in magnitude and opposite in sign to the ordinate of the 
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curve. <A sine wave possesses this same property, as may be shown by 
successive differentiation: 


qd? { 
Fz (Bm sin wt) = 5 (Ey cos wt) = —ot8y sin a (29) 


where w 1s the angular frequeney 27f. Comparing Eqs. 28 and 29 shows 
that, tor the constants of proportionality to be equal, the angular fre- 
quency of the wave of e must be 1/4/LC. That is, the frequency of 
oscillations in the lossless L-C circuit equals the resonant frequency fo. 

If a high resistance /t is used in the cirewt of Fig. 388A, oscillating 
rarlatrons of e are still obtained but the amplitude of oscillation decreases 
from one cycle to the next, as shown by the dotted curve in Fig. 388. 
The oseillation is said to be damped. }energy initially in the inductor 
is only partly transferred to the capacitor during the first quarter cycle; 
a small part of the energy is lost as heat in the resistor. Additional 
loss of energy occurs during each cycle, and the envelope of the oseila- 
trons decreases exponentially, because the loss of energy during each half 
cycle is proportional to the stored energy at the beginning of the half 
evele. The frequency of the damped oscillations can be shown to be 


] 2 
fate J ‘7 (50) (30) 


and is slightly less than the resonant frequency of the circuit. The 
difference between f and fo is negligible except for very low values of 
(J—if Q is 5, the difference is only 0.5 per cent. 

If the value of ? is reduced, the rate of decay of the oscillations is 
increased. <As long as the variations of e remain oscillatory, the circuit 
is said to be uwnderdamped. When, however, FP is reduced to 4 WL/C 
so that Q = 14, the damping is so rapid that no negative swing of e 1s 
obtained and the circuit is said to be critically damped. The critically 
damped transient of cis drawn in Fig. 386. Note that the peak value of 
eis much less than the peak with no damping, because much of the energy 
initially in the inductance is lost to the resistor before e reaches its 
peak. 

If the value of ? is further reduced so that Q < 4, the overdamped 
transient in Fig. 3828 is obtained. This transient 1s the sum of two 
exponentials. A short-time-constant exponential of the form 1 — «&™” 
accounts for the quick rise of e immediately after ¢ = 0, and a long-time- 
constant exponential of the form e~”* accounts for the slow return to 
zero. As # is reduced in value, the short time constant becomes shorter. 
the long time constant longer, and the peak value of e lower. 

For very low values of Q, the overdamped response may be approxi- 
mated as follows: During a short period following ¢ = 0, the mductor 
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is a source of a constant current Jo. This current charges C’ to the 
voltage Jo along an exponential curve having the very short time con- 
stant RC. After reaching the value /of, the voltage e remains nearly 
constant but decreases slowly as the current in the inductor decreases. 
The decay of e is exponential and has the time constant L/R, because the 
change is so slow that the capacitor current is negligible. If the over- 
damping is extreme, therefore, the response approaches that of the R-L 
circuit, the capacitor merely preventing a perfectly vertical rise of e 
at t = 0. 

In actual circuits C may be a capacitor or merely the capacitance 
between windings of the inductor and the shunt capacitance of the circuit. 
A resistor may be placed in parallel with the tuned circuit if critically 
damped or overdamped response is desired, or the damping may be only 
that caused by coil losses if a highly oscillatory transient is wanted. 
Not all the losses in the coil are exactly equivalent to those produced 
by a parallel resistance. For example, the resistance of the inductor 
winding is in series with the inductance. Losses in the inductor, however, 
are generally small, and any resonant circuit with small losses is approxi- 
mated to a high degree of accuracy by a parallel R-L-C circuit of equal Q. 
for convenience, therefore, all losses may be represented by an equivalent 
shunt resistor. 

19. Ringing Circuit. One method of range measurement employed 
in radar sets uses a resonant circuit in which a transient oscillation is 
begun at the time of each transmitted pulse. The oscillation is allowed 
to continue for the duration of the range sweep and is damped out before 
the next transmitted pulse. In this way the range sweep is divided into 
a series of known intervals determined by the period of the oscillation. 

A common circuit for producing such oscillations is drawn in Fig. 394. 
Lhe name ringing circurt is applied to it because of the analogy between 
the oscillations it produces and mechanical oscillations that cause a 
ringing sound. Before each transmitted pulse, tube V; is conducting 
with e, = 0, and a steady current flows through the tube and inductance. 
At the time of a transmitted pulse, time é;, the tube is cut off by a nega- 
tive gate pulse applied to its grid. The inductor current therefore 
flows into the capacitor, charging it in the direction to make e, negative, 
and starting the oscillation drawn in Fig. 39B. Losses in the L-C circuit 
are made as small as possible, with the result that the amplitude of 
oscillation is nearly constant throughout the duration of the input gate 
pulse. At the end of the gate pttse, time f, the tube again conducts 
and a second oscillation is startéd. However, the conducting tube is 
equivalent to a resistance shunted across the L-C circuit and causes the 
oscillations to be damped quickly. 

Typical values of circuit constants are indicated in Fig. 394. Before 
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the time é,, the current in the tube and inductance ts 14.2 ma, this value 
being read from the GSN7 characteristies for e. = 0 and ey, = 125 volts. 
This current, causes a negligible voltage drop in the winding resistance of 
L; therefore e; is zero and, corresponding to e. = 0, ee, ts zero. Because 
damping of the oscillation during the cutoff period of the tube 1s shght, 
the period of oscillation and the amplitude of the first negative peak of 
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Fic. 39. Ringing circuit. 


the e; wave may be assumed to be unaffected by the damping. Thus the 
period is 


(corresponding to a range interval of 2,000 yd), and the amplitude of the 
first negative peak 1s 
he an 


« 0 Son0-° —= ] 10 volts 


14.2 
The amplitude of the negative pulse in the e., wave must be great enough 
to maintain the tube cutoff even at the time of the negative peak of the 
e. wave. The plate-to-cathode voltage at the time of this peak 1s 
125 + 110 = 235 volts, and the corresponding cutoff voltage 1s — 14.5 
volts. Thus the amplitude of the input pulse must be at least 


110 + 14.5 = 124.5 volts 


The oscillation that is started at time f has a positive initial half cycle. 
Plate current starting in the tube must flow through the capacitor and 
charge it, because current in the inductance cannot change mnstantly. 
The oscillation during the conducting period of V1 dies away rapidly, 
because the equivalent circuit for this period is that shown in hig, 40. 
Resistor Riv. represents the resistance of the conducting tube; and Pyare, 
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L, and C effectively form a parallel R-L-C circuit because the steady volt- 
age of the battery has no effect upon the oscillation. The value of Riu. 
may be as high as7r, or as low asr,/(u + 1), de- 
pending upon the nature of the grid circuit in 
Pig. 39A. If the source of e,,, has a high internal 
resistance, é€. 1s limited almost to zero by grid 
current and e,, rises and falls with e, (as in Fig. 
39/5—positive values of e., can occur if the volt- 
age across capacitor C,, decreases appreciably 
Bra 40, Bauimatent cire WMtle VYi11s cutofi), Thus Ayn. hae a value oi 
cuit of Fig. 394 when Viis about r,. If the source of e,, has a very low 
Soe reUnE. internal resistance, é-, may be held constant 
alter time fz. The tube then operates as a cathode follower, and the low 
output resistance r,/(u + 1) damps the oscillations very rapidly. 

The &-L-C peaker circuit of Fig. 414 is very similar to the ringing 
circuit. Differences between Figs. 394 and 414 are as follows: (1) The 
capacitance of the L-C circuit is usually only the unavoidable inductor 
and circuit capacitance. Thus the resonant frequency is high. (2) A 
resistance is connected across the L-C circuit to produce nearly critical 
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(A) CIRCUIT DIAGRAM (8) WAVEFORMS 
liq. 41. R-L-C peaker. 


damping when the tube is cutoff. Instead of an oscillation, therefore, a 
single sharp positive peak is produced at time ¢; and a negative peakwat 
time fz. The negative peak is smaller than the positive one because of the 
additional damping provided by the conducting tube after time és. 
(3) The inductor is connected to the plate rather than to the cathode of 
V1 in order that an output pulse of greater amplitude and steeper leading 
edge than the input pulse may be obtained. The amplitude of the Input 
pulse must be considerably larger than the cutoff voltage corresponding 
to é& = My, because the voltage necessary for cutoff is increased during 
the time of the positive pulse in the e, wave. The applications of this 
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circuit are similar to those of the R-C peaker; use of the inductance makes 
easier the production of very narrow pulses of large amplitude. 

The use of a ringing circuit and an /??-L-C peaker to form a series of 
narrow pulses suitable as range markers is illustrated by the circuit of 
Big. 42. Tube V1 1s cutoff during the range sweep, so that an oscillation 
is produced at its cathode during this period. Grid-circuit and plate- 
circuit chpping in JV». change the sinusoidal oscillation into a nearly 
square waveform at the plate of Vs and grid of V3. Tube V3 inverts the 
square wave and increases the steepness of the edges of the wave. The 
inductance in the plate eircuit of ys converts the square wave into the 
row of pulses shown. The positive pulses are the range markers. Note 
that the spacing between these (2,000 vd for the circuit values indicated) 

YE bb 
(125 Vv) 


(30 K) (30 K) (50) = (3MH ) 


Vy 








(72 6SN7) ; 
is Ut. | CUWVW.- “Toumt -{~, | “wuoW- tr 
43 
— —— Samar oo oy \ end ae eee @ 
e (O Vat) ee (.Oljaf) ee ( Olu) a (OOlaf) 
Vo V3 Va 
e| (1/2 6SN7) (1/2 6SNT7) (1/2 6SN7) e 
(| MEG) (} MEG) (Ol MEG) (O1 MEG) ? 


a 


Fic. 42. Range-marker circuit. 


is determined by the inductance and capacitance of the ringing circuit and 
is little affected by vanations of supply voltages or tube characteristics. 

If a large number of range markers 1s to be produced, it may be difficult 
to obtain a ringing circuit with sufficiently high Q to maintain nearly con- 
stant amplitude of oscillation throughout the desired interval. Some- 
times the cathode of Vis returned through an adjustable resistor to a tap 
on the ringing-circuit inductance, so that a pulsed Hartley oscillator is 
formed. ‘The resistor is adjusted so that the feedback exactly com- 
pensates for the circuit losses when VV; 1s not conducting. ‘Thus oscilla- 
tions are maintained at constant amplitude during the ringing interval 
and are rapidly damped when J’; conducts. 

20. Pulse Transformers. ‘Transformers are used in many _ radar 
circuits because of their impedance-changing property and because they 
allow isolation of the primary and secondary circuits. Radar transform- 
ers frequently receive rectangular pulses of input voltage; they may be 
required to reproduce these pulses nearly perfectly or to operate as peak- 
ers and reproduce only the pulse edges. To operate effectively with 
narrow pulses, specially designed pulse transformers are required. Pulse 
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transformers have ferromagnetic cores, are closely coupled, and have rela- 
tively few turns 1n each winding. 

Equivalent circuits showmg the leakage and magnetizing inductances 
of a transformer are useful in determining the effect of the transformer on 
pulses as well as on sine waves. Figure 43.4 shows a diagram! of a trans- 
former having the same number of turns N on each winding, Fig. 43B 
shows a circuit-diagram symbol for this transformer, and Fig. 43C 
shows an equivalent circuit in which transformer losses and the isolating 
property of a transformer are neglected. Because of the currents 7, and 
22, magnetic flux 1s set up encircling the windings. The total flux may be 
divided into three components: (1) the mutual flux ©,, that threads both 
windings, (2) the leakage flux @),, that links only winding 1, and (3) the 
leakage flux @). that links only winding 2. Changes of the currents cause 
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(A) SCHEMATIC DIAGRAM (B) CIRCUIT-DIAGRAM SYMBOL (C) EQUIVALENT CIRCUIT 
Fig. 43. One-to-one transformer. 


changes of the fluxes, and as a result the voltages e; and es are induced in 
the windings. The dots in Fig. 438 indicate the winding direction. The 
dots are placed so that the voltages induced in the two windings by a 
given change of mutual flux have the same polarity at the dot-marked ends 
of the windings. 

The transformer terminal voltages in Fig. 43.4 each comprise two com- 
ponents, one arising from changes in the mutual flux, the other from 
changes in one of the leakage fluxes. The component of voltage induced 
by mutual flux in each winding is Nd®,,/dt. The component of e; 
induced by ®;; is equivalent to the voltage generated in a self-inductance, 
because #,, depends only on 7;. Thus changes of &,; generate a voltage 
Lydt,/dt in winding 1, where Ly, is the leakage inductance of winding 
1. In a similar way, the component of e2 induced by changes of ®). is 
[iyedis/dt, where Ly is the leakage inductance of winding 2. 

Reference to Fig. 43C shows that, in the equivalent circuit, voltage e, 
is the sum of Lyjidi,/dt and Nde,Ydl. and e: is the sum of Ljedt./dé and 
Nd®,,/dt, these components of voltage being the same as in the trans- 


'Migure 434 is a schematic diagram only. Pulse transformers are made with the 
primary and secondary wmdings on the same leg of the core in order to reduce leakage 
flux and leakage inductance. 
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former itself. In the equivalent cireuit Vd&,, ‘dé is assumed to equal the 
voltage produced in an inductance L,, (called the magnetizing inductance) 
by changes of the currents %4 and is. That is, Vd®,,/dé is considered to 
equal Lad(t, + %2)/dt. To the extent that the magnetization curve of 
the transformer core is linear, this representation is correct, because ?,, 1S 
to this extent proportional to 7 + t and therefore Nd@,,/dt 1s propor- 
tional to d(v; + 72) /dt. 

The equivalent crreurt shows that e. = ¢;, exeept for the voltage drops 
across the leakage inductances. Thus if a transformer ts to reproduce 
pulses or other voltage waveforms nearly perfectly, the leakage induct- 
anees should be made as small as possible. In well-designed pulse trans- 
formers, the leakage inductances are extremely small, with the result that 
no appreciable voltage appears across them, except momentarily when 
very abrupt changes in the input waveform occur. Leakage inductances 
are like shunt capacitances in that they affect the response to sudden 
changes and high frequencies. 

The equivalent circuit shows also that the current —t» directed out of an 
output terminal equals the current i, directed into an input terminal, 
except for current in the magnetizing inductance. To make 7; and —2:2 
nearly equal, L,, should be made as large as possible. Magnetizing 
‘nductance does not affect the transformer voltage response direetly, but 
the current in L,, called magnetizing current, does load the source of 
input voltage and therefore affects both input and output voltage indi- 
rectly. Since current can build up only slowly in a large inductance, the 
effect of L» is upon the long-time or low-frequency response of the trans- 
former. Because of the magnetizing inductance a direct current sent 
through winding 1 produces no permanent voltage across winding 2 and 
only a very small permanent voltage across winding | (the voltage drop 
across the winding resistance). Pulse transformers intended to operate 
with pulses of a few microseconds duration or less do not require very 
large values of L,,. Therefore, few turns are used on their windings m 
order that the leakage inductances may be small. 

Leakage inductances greater than zero and magnetizing inductances 
less than infinity are unavoidable imperfections in transformers. An 
imaginary device in which the leakage inductances are zero and the mag- 
netizing inductance is an open circuit is called an zdeal transformer. A 
1:1 turns ratio ideal transformer isolates the circuits of the two windings; 
that is, a point in the circuit of winding 2 may have any desired voltage 
with respect to the circuit of winding | without effect upon the relation of 
e, to ex. Otherwise the 1:1 ‘deal transformer is equivalent to a direct 
connection between input and output Vergannet is. 

If the two windings have different numbers of turns, the principles of 
operation are not changed but « transformation ratio is introduced 
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between input and output circuits. If one winding of a transformer has 
N, turns, and if the number of turns on the other winding is changed from 
N; to a greater number N», then the voltage induced in the first winding 
by a given set of changing fluxes is not altered but the voltage induced in 
the second winding is increased in the ratio N2/N;. The increase occurs 
because voltages induced by changing magnetic flux are proportional to 
the number of turns linked by the flux. An equivalent circuit for the 
transformer of Fig. 444, drawn in Fig. 44B, is therefore the same as for a 
[:1 transformer, except that an N,:N> ideal transformer is added to 
indicate the effect of the turns ratio on voltage e.. 
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(C) ADDITIONAL EQUIVALENT CIRCUITS 


Fria. 44. Transformer of any turns ratio with equivalent circuits containing ideal trans- 
former of ratio Ni: Ne. 


Increasing the number of turns on one winding of a transformer not 
only increases the voltage that a given flux induces in the winding but also 
decreases the current in the winding required to set up the given flux, 
because flux depends upon the product of turns times current. There- 
fore, in Fig. 444, if No is greater than NV), the current 7 in winding 2 is 
equivalent to a greater current to X No/N, in a winding of NV, turns. 
The ideal transformer in hig. 448 indicates both the current and voltage 
ratios. Note that in going through an .V:.V; ideal transformer, current 
is changed in a ratio that is the reciprocal of the voltage transformation 
ratio. Thus the product of voltage%ames current, which is instantaneous 
power, ts not changed and the ideal transformer is lossless. 

An impedance may be shifted from one side of an ideal transformer to 
the other, provided that in the shift the impedance is multiplied by the 
square of the transformer turns ratio. For example, if @ resistor is con- 
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nected to the output of a 1:2 step-up transformer, the input impedance of 
the transformer is (nput voltage)/GQnput current) which is equal to 
(1. X resistor voltage)/(2 X resistor current) or ly(resistor voltage)/ 
(resistor current). Thus the resistor connected across the output wind- 
ing is equivalent toa resistor (15)? times as large across the input winding. 

As shown in Fig. 44C, the transformer inductances may be shifted to 
either side of the ideal transformer in the equivalent cirreuit. In these 
ficures, Ly, and L,,; stand for the leakage induetance of winding | and the 
transformer magnetizing inductance, respectively, each referred to wind- 
ing Ll. Inductance Ly. is the leakage inductance of winding 2. ‘The 
ratios (N,/N 3)? and (N2/N,)*? are applied when an inductance ts shifted 
from one side of the ideal transformer to the other. ‘The equivalent cir- 
cuits in Fig. 44 do not include the losses of the transformer. Power losses 
result. from the resistance of the windings (represented by resistances 10 
series with the leakage inductances in the equivalent circuit) and from 
hysteresis and eddy currents in the core (accounted for by a resistance in 
parallel with the magnetizing inductance). 

The equivalent circuits in Fig. 44 are by no means the only useful ones 
for a transformer. Not only may the inductances be transferred from 
one side of the ideal transformer to the other, but also circuits utilizing 
ideal transformers of different ratios may be obtained if the inductance 
values are altered appropriately. A simple artifice of circuit analysis by 
means of which a great varicty of such circuits may be obtained is as 
follows: 

Any voltage divider comprising two similar circuit clements can be 
replaced by an ideal transformer with shunt and series impedances in the 
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(A) VOLTAGE DIVIDER (B) IDEAL-TRANSFORMER EQUIVALENT 


Fig. 45. Representation of resistance voltage divider in terms of an ideal transformer. 


manner illustrated for a resistance voltage divider in Fig. 45. The trans- 
former ratio is the open-circuit ratio of the divider, and the shunt and 
series resistances are, respectively, the series and shunt combinations of 
the two resistors of the voltage divider. Thévenin’s theorem shows that, 
for a given applied voltage e1, both circuits of Pig. 45 supply the same 
voltage é2 and current —72 to whatever load may be present. The two 
circuits are therefore equivalent, provided the current 2; 1s the same for 
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both. For Fig. 454, 
CC = Cy in Ro)t, + Rote 

or 
- C1 ee Ro 
eS er 


and this relation vields exactly the current 7; in Fig. 45B, e;/(R, + Re) 
bemg the current 7; and —?e/te/(Uty + Re) being the current 74 expressed 
in terms of 7 and the transformer ratio. . 

Voltage dividers comprising two inductors or two capacitors may be 
represented in an analogous manner. The ideal-transformer equivalent 
may also be employed when each impedance of the voltage divider is a 
combination of two or more elements, provided that the two impedances 
are the same except for a magnitude factor, so that the open-circuit ratio 
of the transformer is independent of the frequency or waveform of the 
applied voltage. For example, each impedance of the voltage divider 
may be a parallel combination of resistance and capacitance, provided 
that these two R-C combinations have the same time constant. The 
inductance voltage divider is of special interest in the derivation of trans- 
former equivalent circuits. 

Four particularly useful circuits obtainable from Fig. 44 by means of 
the voltage-divider-to-ideal-transformer change are presented in Fig. 46. 
Figure 464 shows the circuit of Fig. 448 and the results of changing the 
divider Li, Li in this circuit to an ideal-transformer equivalent. The 
final circuit is obtained if the parallel Ly, 4; combination is referred to 
the Liz side of the N,:N» transformer and the two ideal transformers 
combined. ‘The inductance 


Ly = Lon is Ly 


is the self-tnductance or open-circuit inductance of winding 1. The final 
ideal-transformer ratio is 
hone N » a. M 
doe =. Ly Ny Ly 


where Jf = Lni(N2/N,) is the mutual inductance of windings 1 and 2. 
Note from the first equivalent circuit of Fig. 46-4 that for 7. = 0 the volt- 
age across Lini 18 Lmidi,/dt, and thus the winding 2 voltage is 


\ e 
, i addy N» MV dt, 
2 = Lay = Me 
. at Ny at 
The inductance L,.2. is the short-circuit inductance of winding 2 and is 
given by 
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Wheres! we bbe + Geis thewelf-induetange of winding 2. Thus 


i = Ho(t =a 2) (ol) 

where 
"ope (32) 
Valatildin - 


is the coefficient of coupling of the transformer. 
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lic. 46. Additional equivalent circuits for transformer. 


The circuit of Fig. 46B follows from that of Ing. 464 by an interchange 
of subscripts, and similarly the relations 1/ = LinoNi/Ne2 and 


loser = b£,0 = i) 


are obtained; Lec: is the short-circuit inductance of winding 1. The cr- 
cuits of Figs. 46C and D can be reduced to the final circuit in Fig. 46A if 
the voltage dividers (i — M), M and (1 — A)in, kLi are replaced in 
terms of ideal transformers. The 1:1 transformer in Fig. 46C 1s included 
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merely to represent the isolating property of the transformer. In this 
circuit either L, — J1 or L, — M is usually negative (unless N,:N¢e is 
approximately unity). In all the other circuits, all inductances are posi- 
tive because /: is always less than unity. 

Pulse transformers, being constructed so that leakage inductances are 
very small relative to magnetizing inductances, have short-circuit induct- 
ances that are small fractions of the open-circuit inductances. Therefore, 
by Eq. 32, k is only slightly less than unity; that is, the transformers are 
very closely coupled. For pulse transformers the ratios N2/Ny, W/L, 
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Fie. 47. Pulse transformer coupling two overdriven amplifiers. 


Le/M, and \/L2/L, are practically indistinguishable. The shunt induct- 
ances of Figs. 448 and 464, B, and D, referred to the same winding, may 
ull be considered equal as may the total series inductances. It is there- 
fore immaterial which of these circuits is employed in pulse-transformer 
analysis; in the following articles the circuit of Fig. 445 is adopted. 

In later chapters loosely coupled air-core transformers are encountered. 
For these the parameter values of the various equivalent circuits may 
differ widely, and it is desirable to employ the circuit that permits the 
most simple and instructive analySis of the transformer. Sometimes the 
circuits of Figs. 464 and B are desirable because they contain two rather 
than three inductances (see p. 645, Chap. LX); at other times the sym- 


metry of the inductance network of F ig. 46D is an advantage (see p. 424, 
Chap, V1). 
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Figure 47 illustrates the use of a pulse transformer as a coupling device 
between two overdriven amplifier stages. Tube V7; is cutoff, except 
during l-ys intervals when a positive pulse is applied to the grid. Nega- 
tive pulses therefore appear at the plate of );, and connections are made 
to the transformer in such a way that positive pulses are apphed to the 
grid of Vo. ‘Tube eis maintained cutoff except during the pulses by the 
biasing cireult shown. Use of a transformer makes posstble two succes- 
sive stages in which each of the tubes is cutoff between pulses. 
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Fic. 48. Equivalent circuits for Fig. 47A applicable during pulse. 


Assume the circuit constants indicated in Fig. 474, and suppose that 
the magnetizing inductance of 71, referred to winding 1, is 50 mh. For 
simplicity consider first that leakage inductance is completely negligible. 
Before time f;, tube J”; is cutoff; and therefore ¢; is 800 volts, no voltage 
exists across cither winding of 7, and é.2 is the bias voltage —75 volts. 

The start of current in ; at time ¢; causes ¢, to drop, and therefore the 
voltages in each transformer winding are in the direction to make the 
dot-marked ends positive. The rise of ¢2 is sufficient to make the grid 
circuit of tube V». conduct; therefore, the equivalent circuit of Fig. 48.4 is 
applicable between times t; and f. Figure 48B is obtained from Big. 
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48A by first changing the battery and resistors in the winding 2 circuit 
into a series combination by means of Thévenin’s theorem and then 
referring the circuit elements to winding 1. The resistance is multiplied 
by 4, the square of the turns ratio, and the battery voltage by 2, the turns 
ratio. 

When V;, first begins to conduct, the current in L,, is zero, because an 
inductor current cannot change instantly. Vherefore, the initial value 
of ¢1 may be found if L,, in Fig. 486 is considered an open circuit, and 
a load line for the 3.64-Ix resistor and for a plate supply voltage of 
300 — 136 = 164 voltsis drawn. The operating point for e, = 0 on this 
line is at eg = 116 volts. Thus at time ¢,; the e,; wave drops as indicated 
in Fig. 476, and the transformer winding | voltage becomes 


300 — 1LL6 = L84 volts 


The voltage across winding 2 becomes !84+. = 92 volts, and e.2 rises to 
U2 O17 volts. 

After the initial instant of the pulse, current builds up in the mag- 
netizing inductance L,,, and this added current increases the tube voltage 
éo, and decreases the transformer voltage. The e,: wave therefore slopes 
upward and the e.2 wave downward during the pulse. To determine the 
amount of the change, the equivalent circuits of Figs. 48C and D are used. 
In Fig. 48C, the conducting tube is represented by its equivalent battery- 
and-resistance combination E, and r, = 6.7 K. Thévenin’s theorem is 
apphed to all of Fig. 48C except L,, to obtain Fig. 48D. The battery 
voltage in Fig. 48D is the transformer winding 1 voltage when the cur- 
rent in L,, 1s zero. From Fig. 48D, the time constant of the circuit L/R 
is found to be 


50 
te 
(6.7 X 3.64)/(6.7 + 3.64) 


Therefore the voltage across winding | of the transformer decreases from 
184 volts to 184e—?!2 = 175.5 volts during the l-us pulse, and the 
plate voltage e; rises to 300 — 175.5 = 124.5 volts. The current in L,, 
at the end of the pulse, obtained from Fig. 48D, is 


(6.7 X 3.64)/(6.7 +36 °° ™ 





At time é, the plate current of Vy is suddenly stopped, and therefore 
current in winding | of the transfomer stops equally suddenly.  IEf leak- 
age inductances are neglected, a sudden change of current in one winding 
of a transformer is not inconsistent with the principle “‘current in an 
inductor cannot be changed instantly.” However, a simultaneous sud- 
den change of current in the other winding must occur in such a way that 
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no sudden change of the current in L, occurs. In the 1:1 transformer of 
Pig. 43.4, p. 124, if 7) deereases suddenly by | arp, v2 must simultaneously 
inerease by Lamp. In this way no sudden change occurs in the sum of 
the two eurrents which is the current in “,, or in the flux @?,,—the mag- 
netic flux cannot. change instantly, since the indueed voltage Nd®,,/dé 
eannot be infinite. 

Beeause the current in L,, cannot change from 3.6 ma at the mstant 
when the winding | current stops, a current of 3.6 X 2 = 7.2 ma must 
flow in the winding 2 circuit. The direetion of this current 1s opposite to 
the direction in which erid current ean flow. Therefore the equivalent 
circuit for the period following time fz is as drawn in Fig. 49-4, and this 
circuit referred to winding | is as drawnin Fig. 492. The voltage gener- 
ated across winding | when current in J) stops is the voltage produced by 
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Fic. 49. Equivalent circuits for Fig. 47A applicable after pulse. 


the 3.6-ma current in the 40-Ix resistor of Fig. 498; that is, 3.6 K 40 = 144 
volts. The direction of this voltage is such as to make the dot-marked 
terminals of the transformer negative. ‘Therefore, é1 rises to 


300 + 144 = 444 volts 


and e. drops to —1!445 — 75 = —147 volts. Following these initial 
jumps, @; decreases exponentially to 300 volts and e,2 increases expo- 
nentially to —75 volts. The time constant of both exponentials 1s 
59% 9 = 1.25 fio 

The solid-line waveforms of Fig. 47B show these variations and indicate 
that the effect of magnetizing inductance is very similar to the effect of 
the capacitor in an R-C coupling circuit. Too small a value of L, causes 
the top (or bottom) of the pulse to slope and also causes an overshoot 
following the pulse. Where flat-topped pulses are desired, pulse trans- 
formers having magnetizing inductances of several hundred millihenries 
are used instead of the 50-mh value of the example. Sometimes trans- 
formers with low value of L,, are used with relatively long pulses for the 
purpose of obtaining a peaking effect.” 
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In the example of Fig. 47, leakage inductances and shunt capacitances 
have so far been neglected entirely. Leakage mductance and shunt 
capacitance affect only the high-frequency components of waveforms, 
that is, only the edges of the pulses in Vig. 476. Because of shunt 
capacitance, the leading edges of the pulses of e,; and e@.. may both be 
expected to slope a little instead of being perfectly vertical. Leakage 
inductance causes the edges of the e.2 pulse to differ slightly 1n shape from 
the edges of the e,; pulse. Often a low-amplitude oscillation of very high 
frequency appears superimposed on the rise of the leading edges because 
of oscillations involving the capacitance and leakage inductance. A more 
important effect occurs at the trailing edge of the pulse because of the 
oscillations of the magnetizing inductance and shunt capacitance. When 
tube V; in Fig. 47A is cut off, the current in the magnetizing inductance 
flows into the 10-KX resistor in parallel with the wiring and transformer 
capacitances and starts an oscillation. The waveforms shown dotted in 
Wig. 476 result. The 10-KX resistor is present to reduce the peak value 
and increase the damping of this oscillation. 

21. Blocking Oscillator. An important and useful circuit for the 
generation of very narrow pulses is the blocking oscillator. Like multi- 
vibrators, blocking oscillators may be either free-running or driven. <A 
iree-running blocking oscillator determines its own repetition period and 
generates a series of narrow pulses spaced by this period. It is, therefore, 
often used as a master oscillator in radar systems. Driven blocking oscil- 
lators may be used to convert a broad, rounded trigger pulse into a sharp 
output pulse, usually of the order of l-us duration. Some special block- 
ing oscillators generate very accurately rectangular pulses.! Driven 
blocking oscillators are sometimes used for frequency division. 

Similarities exist between the driven blocking oscillator of Fig. 504 and 
the driven multivibrator of Fig. 30, p. 79, the blocking oscillator tube 
corresponding to the normally off tube of the multivibrator. Before a 
trigger pulse is applied, the blocking-oscillator tube is maintained cutoff 
by the bias voltage to which the egrid-return resistor is connected. On 
application of a trigger pulse, a very fast switching action occurs because 
of regenerative feedback and starts conduction in the tube. In a plate- 
coupled multivibrator, R-C coupling and the normally on tube are used to 
obtain feedback with the necessary polarity reversal. In the blocking 
oscillator, a pulse transformer and an R-C coupling circuit supply the 
feedback with phase reversal. The duration of the conducting time for 
the blocking-oscillator tube depens mainly upon the pulse-transformer 
magnetizing inductance and the coupling capacitor (C, in Wie, 504). A 
second switching action ends the conducting period, as in a multivibrator: 


'eec Art. 13, Chap: IT]. 
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the cireuit then returns to its initial state and remains quiescent until the 
next trigger pulse is apphed. 

Before a trigger pulse is applied, tube yin Fig. 50-4 1s cutoff, no voltage 
exists aeross the transformer windings, ¢, is 300 volts, e.1s —90 volts, and 
capacitor C, is charged to 90 volts with the polarity indicated. Tf a 
trigger pulse applied through the small capacitor C at time raises the 
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rid voltage of 17; above cutoff, then flow of plate current causes a drop of 
e, and, because of the transformer, a further increase of éc. The process 
is cumulative, as in a multivibrator, with the result that the tube very 
quickly begins to conduct a large current and the trigger pulse is no 
longer needed to sustain the conduction. 

The extent of the drop of es and rise of e, when conduction begins can 
be determined if the equivalent circuit of the transformer and the plate 
characteristics of the tube are used. -In Fig. 51A the equivalent circuit 
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without leakage inductance, shunt capacitance, or trigger capacitance C 
is drawn, because these elements affect only the shape of the pulse edges. 
The elements in the equivalent circuit are all referred to the plate winding 
of the transformer. The grid resistance of the tube is included in the 
equivalent circuit because at the end of the switching-on process the grid 
of I’, is at a large positive voltage. Thévenin’s theorem may be used to 
simplify the circuit of Fig. 51A, but no appreciable error is made if the 
large resistor 9/:, 1s considered an open circuit, as in Fig. 518. 

At the first instant after the switching-on process is completed, the 
current in L,, must be zero and the voltage across (. must be 90 volts 
(corresponding to 270 volts across C./9 in the equivalent circuit). Tube 
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Pig. 51. Equivalent circuits for blocking oscillator during pulse. 


Vi, therefore, operates on load line 1 in Fig. 50C, which is drawn for a 
voltage of 300 — 270 = 30 volts and a resistance of 9 K. The point of 
operation on this line depends upon the value of e.. It is the point at 
which the relation 


é, + de. = 300 — 270 = 30 volts (33) 


1s Satisfied. This relation is obtained by adding voltages in the circuit of 
Hig. 518. The point of operation may be found by a trial-and-error 
calculation or by plotting the curve e, + 3e. = 30 volts on the plate 
characteristics, asin Fig. 50C. Point A, the intersection of the curve and 
load line, is the end point of the switching-on process; at this point 
é, = 2 volts and e. = (80 — 2)/3 = 9.3 volts.! 

Vollowing the time ¢;, the point of operation moves away from point A 
for two reasons: (1) At point 4 current is supplied trom the transformer 
through C, to the erid of V1. This current charges C., and therefore e, 


' A large step-down ratio for the pulse transformer in hig. 50.4 and a bias voltage of 
unusually large magnitude were chosen in order to obtain voltage values convenient 
for calculation. In actual circuits positive grid voltages of 50 to 100 volts are usual. 
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tends todeerease. (2) At point -{ a voltage exists across the transformer 
magnetizing inductance. This voltage causes the magnetizing current 
{to increase, and therefore the plate current of the tube tends to increase. 
The ehanges of voltage and current produced by both of these effects are 
slow compared with the changes that oeeur during the switching-on 
process. 

For simplicity, assume first that C. 1s so large that the change of 
capacitor voltage can be neglected, and consider only the effects of the 
increase of magnetizing current. Suppose that at time f. current in Lp 
has inereased to 3 ma. Then for any value of plate voltage maintamed 
by the tube, current in the transformer plate winding must be 3 ma greater 
than the value specified by the original load line; that 1s, the tube operates 
on load line 2 in Vig. 50C, which line is parallel to the original load Ime 
but 3 ma higher. Equation 33 still applies, because the voltage across 
C./9is unchanged. The new operating point is therefore intersection J. 
At this point e = 4 volts and e¢, = (80 — 4)/3 = 8.7 volts. These 
values are indieated on the dotted curve in Jig. 505. ; 

As current continues to increase in L,,, the operating pomt moves up 
the curve e, + 3e. = 30 volts until point C on load line 3 (corresponding 
to a current of 6 ma in L,,) is reached. This point marks the end of the 
pulse because a further increase of current in L,, cannot be balaneed by : 
oreater plate current obtained by an increase of @. Instead an increase 
of e results in a lower transformer voltage, a lower value of e,, and a 
lower value of 7. The decrease of 7, causes a further increase of e, and 
the regenerative switching-off process is started. 

Because of the shape of the curve e + 3¢. = 30 volts, the plate voltage 
and grid voltage are nearly constant during most of the pulse (see dotted 
curves in Fig. 508), and the plate current increases as the magnetizing 
current increases. The constancy of the plate voltage makes simple the 
relation between pulse duration and L,,. The average voltage across L», 
during the pulse is approximately 300 — 4 = 296 volts. Therefore if 
Lm = 100 mh, the average rate of change of magnetizing current 1s 


a7 C 296 


————— > ; c ‘ 
dt L 100 4.960 ma per ps 


Because the magnetizing current increases from 0 to 6 ma during the 
pulse, the pulse duration would be 6/2.96 = 2.03 ys if capacitor C’, were 
so large as to have no appreciable effect upon pulse duration. 

The values of C, used in actual circuits are almost always small cnough 
to affect the pulse duration. If the voltage across C. changes during the 
pulse, the operating point on the plate characteristics is affected in two 
ways: (1) As the capacitor C./9 in Fig. 51 charges, the sum of ey and 
3e. decreases. Thus in Fig. 50C the curve, e, + de. = a constant, moves 
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toward the origin. (2) As C./9 charges, the effective plate supply volt- 
age used in drawing the load line is decreased. Thus the load line in 
Hig. 50C moves parallel to itself and to the left. 

Lo the horizontal motion of the load line caused by the change of 
capacitor voltage must be added the upward motion caused by the erowth 
of current in L,,. The combined effects of capacitor-voltage changes and 
magnetizing current may be summarized as follows: 

1. The grid voltage decreases during the pulse. The decrease is slight 
ul C’, 1s large but may be considerable if C, is small enough to charge 
appreciably during the pulse. 

2. ‘The plate voltage decreases at the beginning of the pulse and 
increases a little near the end. The decrease is shght if C. is large but 
may extend for most of the pulse duration if C. is small. 

3. The pulse duration is less than that calculated in terms of mag- 
netizing inductance alone. The smaller the value of C’., the greater its 
effect in reducing the pulse duration. 

4° At the end of the pulse, a magnetizing current flows in the trans- 
former, and an excess voltage is stored on C,. The smaller the value of 
C’., the smaller the current in the inductance, and the larger the voltage 
across C’,. 

The solid curve in Fig. 50B is drawn for an intermediate value of Ce 

The waveform of e, after the cutoff time t3 1s the same as the correspond- 
ing waveform in an overdriven transformer-coupled amplifier. The 
magnetizing current causes an overshoot of e, and ep, and because of shunt 
capacitance, an oscillation may often result. Often a resistor is con- 
nected across the transformer to damp this oscillation. The overshoot or 
oscillation in the grid-voltage waveform is superimposed upon an expo- 
nential rise toward the bias voltage, —90 volts. This exponential change 
results as the charge added to C, during the pulse flows through the high 
resistance of R,. The time constant of this exponential is A,C, or 180 us 
for the circuit of Fig. 504. 

Because of the charge stored on C, during the pulse, a bias voltage is 
not necessary in a driven blocking oscillator. If the time constant 
fi,C. is large enough so that e. remains below cutoff during the periods 
between trigger pulses, the oscillator operates in synehronism with the 
driving voltage. Because of the transformer, negative trigger pulses 
applied to the plate of the blocking-oscillator tube may be used instead of 
positive pulses applied to the grid in Fig. 504. 

Uf &, is returned to the cathode of,1’,, or to a positive voltage, and if no 
trigger pulses are applied, a freé-running blocking oscillator is obtained. 
A pulse is produced each time the grid voltage rises to the cutoff value. 
Lhe repetition period is difficult to calculate because the voltage to which 
C. ts charged depends upon the relation between C, and Ly. 
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22. Traveling Waves on Artificial Transmission Lines. Networks of 
inductance and capacitance that behave hke sections of transmission 
lines are often used in radar to form rectangular pulses, to delay pulses, 
or to modify the shapes of pulses in special ways. ‘These networks are 
used instead of actual transmission lines because the length of real line 
required is too long to be practical—about 1,000 ft of Ime would be needed 
to delay a pulse by | ws. Also, in many applications, the characteristic 
resistance of real lines is too low for convement use with tubes. 
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hic. 52. Examples of artificial transmission lines. 


The artificial lines of Fig. 52 are examples of one type of network 
often used to simulate transmission lines. An artificial line is a chain 
of ‘T, II, or L sections, each section containing series inductance and 
shunt capacitance. 

An artificial line having many sections with very small inductance and 
capacitance in each evidently resembles a real line which has inductance 
and capacitance distributed along its length. If a sinusoidal voltage 
wave is applied to an artificial line, and if the frequency of the appled 
voltage is low so that the phase of the wave changes only a few degrees 
from one section to the next, then the operation of the line is essentially 
the same as if the inductance and capacitance were uniformly distributed 
along the line. An analogy exists between the clectrical network and a 
vibrating string loaded with uniformly spaced weights—if the wavelength 
of the vibration of the string spans many weights, the resultant motion is 
as if the string had a large and evenly distributed mass. 
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[f the frequency of the voltage applied to the network is made too high, 
so that the wavelength along the network is short compared with one 
section, the similarity to a smooth line disappears. The critical fre- 
quency below which the operation of an artificial line approximates that 
of a real line is called the cutoff frequency f.o and is given by} 


I 
t \/LC 

A pulse applied to a lossless real line travels along the line at a definite 
velocity and with no change of shape. Essentially the same thing hap- 
pens when a pulse is applied to an artificial line, provided that all the 
Important Fourier-series components of the pulse lie below the cutoff fre- 
quency of the line. The artificial line transmits frequencies between 0 
and f.. and therefore has an effect on pulses much like that of a receiver 
video amplifier having a bandwidth Af = f,.. The amount of distortion 
of the pulse depends upon the relation of f.. to 1/7, where 1 is the pulse 
duration.’ 

Figure 53 is drawn to show the mechanism by which a steep wavefront 
travels along a real transmission line. The switch S is closed to connect 
the battery of voltage EH to the input terminals of the line. The voltage 
/£ does not appear instantly at all points along the line. Instead, a wave 
of voltage (shown in the figure) progresses along the line; the farther a 
given pomt is from the battery, the later the time at which the line voltage 
at that point jumps from 0 to #. A current wave travels away from the 
battery exactly in step with the voltage wave; at all points up to the 
moving wavefront, a current / flows away from the battery in the top 
conductor and a return current / flows in the bottom conductor. Plus 
and minus charges appear on the conductors at each point where volt age 
exists between conductors, and magnetic flux lines encircle the conductors 
wherever current flows. The charges and flux lines are indicated in 
Wig. 53. 

The reason that the line, unlike a capacitor of small dimensions, cannot 
charge all at once is that the series inductance of the line (associated with 
the magnetic flux) as well as the shunt capacitance (associated with the 
electric charge) is important. The voltage wave can progress only as 
fast as the Ime current can carry charge to the wavefront to produce the 
change in voltage. The current wave can progress only as fast as the 
voltage that appears across a short section of each conductor at the wave- 


t 


re oa (34) 


The artificial Line is a multiseetion low-pass constant-k filter. The cutoff angular 
frequency is therefore we. = 2/./LE, which is equivalent to Inq. 34. See, for example, 
I. A. GuILLEMIN, Communication Networks, Vol. II, 279-377, especially p. 317 (John 
Wiley & Sons, Ine., New York, 1935). 

2 See Arts. 3 and 7, Chap. VI. 
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front can start current mm the corresponding section of line inductance. 
Theretore the voltage and current waves must move together along the 
line. 

Let 7 be the time required for the waves to (ravel a unit of length along 
the hne, and let ¢ and d be the capacitance and induetanee per unit length 
of the Ime. Phen /7 is the charge that flows from the battery into the 
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kig. 53. Propagation of a steep wavefront on a transmission line. 


line in the time interval 7, and cH is the charge accumulated on the Hne at 
the moving wavetront durmg the same time interval. Therefore 


es, (35) 


During the same time interval 7, the flux encireching the conductors 
increases by an amount //.* The voltage # at the wavefront must be 
generated by the changing flux, and therefore & = d(N®)/dt is the rate 
at which flux linkages are being produced at the wavefront, or £7 is the 
increase of flux linkages in the interval 7. Therefore 


oa (36) 


If Eq. 35 is multiplied by Iq. 36 and the common factors HJ canceled, 
the value of 7 1s obtained: 
ie 


r = v/lc (37) 


* Inductance can be defined as flux linkages per unit current (V@//); therefore // 
is the number of flux linkages associated with the inductance ( of a unit length when 
the current / is flowing in It. 


and 
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That is, the wave progresses one unit of length in a time interval ~/Ic, or 
the speed at which the wave travels is 1/+/lc. If Eq. 36 is divided by 
Eq. 35 and the result multiphed by #/J, the ratio of FE to / is obtained: 


and - 
ly l 
+ = R= J; (38) 


The ratio H// is called R,, the characteristic reststance of the line. The 
current drawn by the line from the battery is the same as if a resistance 
&, were connected to the battery terminals. ! 

If in lig. 53 an initial voltage had existed between the line conductors 
or an initial current had been flowing in the conductors, no essential 
difference in the performance of the line would have resulted. The 
waves would still travel at the same speed, and the ratio of change in 
voltage to change in current would still be R,., because the transmission 
line is a linear device. Note and remember: 

Any change thal occurs on a transmission line takes the form of a voltage 
wave and a current wave traveling together in one direction or the other or of 
iwo such pairs of waves traveling in opposite directions simultaneously. The 
speed of each wave ts 1/+/le, and the ratio of each voltage wave to the cor- 
responding current wave ts +/I/c. 

Waves having frequency components below the cutoff frequency 
travel along artificial lines in the same manner as along real lines. The 
time of travel and characteristic resistance in terms of the artificial-line 
parameters are 


7 a (39) 
Lb 

Re = IG (+0) 
where L and C are the inductance and capacitance per section of the net- 
work (see Fig. 52), 7 is the travel time per section, and #, is the character- 
istic resistance. These values are accurate only for components of the 
wave having frequencies very low compared with the cutoff frequency. 
Components of frequencies slightly lower than f,. travel along the line, 
but with different values of 7 and R,. Components of frequency greater 
than f.. are not propagated along the line. The variations of 7 and R, 
with frequency cause distortion of pulses in addition to that produced by 
elimination of frequencies above feo. ° 

\ 


‘Compare the results of this paragraph with the discussion of traveling sine waves 
on transmission lines in Art. 2, Chap. VII. Waves of any shape travel with the same 
velocity and same ratio of voltage to current on lossless transmission lines. 
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Networks entirely different from the artificial lines of ig. 52 are fre- 
quently used to simulate transmission lines. Some examples are given 
in Art. 4o0f Chap. IIL. Every network that simulates a transmission line 
has a characteristic resistance and a travel time and operates mn a manner 
that. may be interpreted in terms of the transmission line it stmulates. 
Networks different from the artifieial-line networks in lig. 52 are used m 
order to reduce the distortion of pulses without increasing the number of 
elements. | 

The major differences between the effects of simulative networks and 
real lines upon pulses occur at the steep edges of the pulses, because these 
give rise to the highest frequency Fourier-series components. [fa voltage 
source is suddenly conneeted to a real line, the line behaves as a resistor 
Rin the first instant. If a simulative network replaces the real line, the 
network behaves momentarily as either a capacitor or an inductor, 
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(A) CIRCUIT DIAGRAM (B) EQUIVALENT CIRCUIT 


Fie. 54. Line with zero initial current and voltage. 


depending upon which clement is connected to the input terminal of the 
network. Very shortly after the first instant, however, the network 
approximates the real Hine and behaves as a resistor 2... Uniform artificial 
lines cause damped oscillations of very high frequency to appear after 
each pulse edge; some other types of simulative networks avoid these 
oscillations. 

23. Switching Operations in Transmission-line Circuits. In Art. 22 
and Fig. 53, a voltage # is connected directly toa transmission line when 
a switch is closed. The voltage of the wave propagated along the line is 
E, and the current of the wave is # divided by the characteristic resistance 
of the line. When the input circuit is more complicated than in lig. 33, 
or when an initial voltage and current are present on the line, a calcula- 
tion is required to determine the magnitudes of the voltage and current 
waves that result from a switching operation. In this calculation, the 
line ig assumed to be a real transmission line. Approximately the same 
results are obtained with artificial hnes. 

Consider first the circuit of Fig. 544 in which a 100-volt battery 1s con- 
nected to a 1-IX line through a 3-IX resistor when switch S is closed. 
Assume that the line is uncharged and carries no current previous to the 
instant of closing the switch. Closing-S causes sudden changes of eg and 
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tq (the voltage and current at the line terminals) from zero, and the ratio 
of the change of eg to the change of iz is Re = 1K. Thus the line is 
equivalent to a resistor /, in its effect upon the input circuit, and an 
equivalent circuit for the switching operation is the one in Fig. 548. 
From the equivalent circuit, the values of e, and Zi, may be found: 7, is 
100/(3 + 1) = 25 ma, and eg is 25 X 1 = 25 volts. Therefore, when S 
is closed, the voltage at the line terminals jumps from 0 to 25 volts, and a 
25-volt wavefront progresses along the line. Accompanying this voltage 
wave is a 25-ma current wave. . 

In the circuit of Fig. 55A, a condition is assumed to have been reached 
with S open in which the voltage E = 50 volts appears between con- 
ductors at each point of a section of the line near the input terminals, and 
the current J = 10 ma flows in the conductors throughout the section. 
Note that these initial values are consistent with the battery voltage and 


E=50V Rezik 





(A) CIRCUIT DIAGRAM (8) EQUIVALENT CIRCUIT 
lig. 55. Line with initial current and voltage. 


the resistance magnitudes indicated in the figure. The effect of closing 
S, taking into account the energy stored in the line due to line-inductance 
current and line-capacitance voltage, is to be found. 

Closing S causes a change of eg which, as before, is R, times the change 
of tq. However, since eg changes from 50 volts and z7a4 from 10 ma, the 
line must be represented by the equivalent circuit of Fig. 55B rather than 
by A, alone. This equivalent circuit is correct because (1) it yields the 
values of eg = 50 volts and 7z = 10 ma before S is closed and (2) it indi- 
cates that closure of S causes e, to change by R, times the change of iq. 
From this circuit the values of e, and 74 alter S is closed may be calculated. 
One simple procedure is to apply ‘Thévenin’s theorem to the parallel 
combination of R, and the 10-ma current source. ‘his combination is 
thereby replaced by FR, in series with a voltage source JR, = 10 volts, the 
lower terminal of the voltage source being positive. In the resulting 
over-all series circuit, the net voltage is 60 volts, and the total resistance 
(with S closed) is 4 K. Thus, ‘ta-Is 8% = 15 ma, and e, is 


1003 <X 15) =} 55 volte 


Consequently, the wavefront that is started along the line by closing S 
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‘auses a voltage change of 55 — 50 = 5 volts and a current change of 
[, — 1) oe 

A line having intiial voltage but no initial current is illustrated in Fig. 
O01. Assume that, before S is closed, the entire line is charged to a 
voltage # = 100 volts. When S is closed, current flows into the 3-Kx 
resistor as the line eapacitanee discharges. In the transmission-line 
equivalent circuit forming part of Fig. 5628, the battery representing the 
initial ne voltage is shown, but the current source is omitted because 
there is no mitial current. Calculations on the equivalent circuit show 
that when 8 is closed 7¢ becomes —100/(3 + 1) = —25 ma and eg drops 
from 100 to 25 X 3 = 75 volts. The negative value of t, indicates that 
current flows 1n a direction opposite to the 7 arrow of Fig. 564, just as it 
would if the line were a capacitor initially charged to the same voltage. 
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(A) CIRCUIT DIAGRAM (B) EQUIVALENT CIRCUIT 


Fic. 56. Discharge of line with initial voltage. 


The effect of closing the switch may be interpreted as a negative wave- 
front of 25-volt and 25-ma amplitude that travels away from the input 
terminals. 

24. Reflections at Line Terminals. ‘Ihe processes thus far con- 
sidered are the start of a wave from the input terminals of a line and the 
propagation of a wave along a line of indefinite length. The effects that 
occur when the wave reaches the output terminals of the line also are of 
interest. 

Consider the circuits of Fig. 57. In Fig. 57A, a 100-volt battery is 
connected through a 1-IK¢ resistor to an infinitely long line having a 
characteristic resistance of 1 IX. The circuit of ig. 576 is the same 
except that a line section having a I-ys travel time is used, and the section 
is terminated in a 1-lx resistor. In either circuit, a 50-volt, 50-ma wave 
travels to the right from the input terminals after the switch is closed. 
The operation of the line section of Fig. 576 must be identical with the 
operation of the first l-us section of the infimte line, because the remainder 
of the infinite line is exactly equivalent to a 1-Ix resistor m its effect upon 
the first section. Note that in Fig. 57B steady-state operation is obtained 
as soon as the wave reaches the terminating resistor. In the steady state, 
50 volts appear between the line conductors and 50 ma flow through the 
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circuit, as might be expected when two 1-K resistors are connected in 
series across a 100-volt battery. 

The circuit of Fig. 584 differs from the one in Fig. 578 in that the far 
end of the transmission line 1s open-cireuited. When switch S is first 
closed, the line appears as a resistance /?, connected to the battery circuit, 
because the terminal conditions can have no effect before the wavefront 
reaches the end of the line. Thus a 50-volt, 50-ma wave starts from the 
source as before. At the end of the line, the current must be zero at all 
tumes because the terminals are open-circuited. To maintain this zero- 
current condition, at the instant the 50-ma current wave reaches the open 





(A) INFINITELY LONG LINE 
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(8) LINE TERMINATED IN ITS CHARACTERISTIC 
RESISTANCE 
lic. 57. Comparison of infinitely long line to line terminated in its characteristic resist- 
ance. 


end a second 50-ma wave must start from the open end and progress 
toward the battery. Associated with this reflected current wave must be 
a reflected voltage wave. Because the characteristic resistance must 
relate voltage and current waves, the voltage-wave amplitude is 50 volts 
and the total lime voltage rises to 100 volts. These traveling waves are 
indicated in Fig. 58A, and the corresponding time variations of e, and 74 
are shown in Fig. 588. 

The incident wave im Fig. 584, in traveling from the battery to the 
open end of the line, charges the line capacitance from 0 to 50 volts 
because of the 50-ma current supplied by the battery. When the wave 
reaches the open end, no capacitance remains to be charged. he 50-ma 
current 1s maintained by the inductance of the line and charges the 
capacitance near the open end to a higher voltage. Thus a voltage is 
produced across a section of line inductance near the open end in the 
direction to reduce the line current. The increase of voltage and decrease 
of current near the open end of the line corresponds to a reflected wave 
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starting toward the battery. As the reflected wave progresses, the higher 
voltage on the open-end side of the wavefront causes the hne current to 
decrease from 50 ma to zero at the wavefront and the 50-ma reflected 
current wave charges the line exnpacitance at the wavefront and causes 
the merease of vol(age. When the reflected wave reaches the battery, 
the entire Ime is charged to 100 volts and the current is zero everywhere 
onthehne. ‘Therefore the circuit comprises a 1O0-volt battery connected 
toa line having a statie charge of 100 volts, and no further change occurs. 
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(8) WAVEFORMS 





(A) CIRCUIT DIAGRAM AND TRAVELING WAVES 
Iie. 58. Traveling waves on open-end line. 


In the circuit of Fig. 59, a short circuit instead of an open circuit is 
employed at the far end of the transmission line. Consequently, the 
voltage at the short circuit must always be zero, and at the mstant the 
50-volt, 50-ma incident wave reaches the short circuit, a reflected voltage 
wave of 50-volt amplitude and reversed polarity starts toward the 
battery. A current wave of 50-ma amplitude 1s associated with the 
reflected voltage wave, and the current in this wave flows in the same 
direction as that in the incident wave. After the reflection, a current 
of 50-ma flows from the battery into the moving wavefront, and a current 
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of 100-ma flows from the wavefront to the short circuit. Thus the hne 
capacitance at the wavefront 1s discharged by a net current of 50 ma, 
and the voltage between conductors drops from 50 volts to zero. When 
the reflected wave reaches the battery, the line voltage is zero at all 
pomts and the lne current ts 100 ma. No further change occurs because 
100 ma is exactly the current drawn by a 1-I< resistor connected across a 
100-volt battery. 


Meee lige ie 





| 
C2 ae las a ee 
TRAVEL TIME 


| 
| 
e | 
| 
50V 
} 
AJS O 


ete 





“” 





(8) WAVEFORMS 








(A) CIRCUIT DIAGRAM ANO TRAVELING WAVES 


lig. 59. Traveling waves on shorted-end line. 


If a line is terminated in any manner whatsoever, the size and polarity 
of the reflected wave can be determined by use of the equivalent circuit 
developed in Art. 23. For example, in Ing. 604 a resistance of any value 
Ry, terminates the line. A wave of voltage et and current 7+ = et/R, 
travels toward the load end of the line after switch S is closed. When 
this wave reaches the load end ofthe line, conditions are the same as if 
Rh, were suddenly connected to a line with initial voltage and current 
et and i+. The equivalent circuit of Vig. 606 is therefore applicable. 
The parallel combination of R, and the current source in this circuit can 
be converted by Thévenin’s theorem to R, in series with a voltage source 
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hat = et. and the values of the load current and voltage can then be 
calculated. The results are 2et/(PR, + R,.) for 7, and 2eth,/( Rk, + R,) 
for @r,. 

In big. GOA, the voltage of the wave incident at the load is et, and the 
sum of the voltages of the ineident and reflected waves, et + e7, 1s the 
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(B) EQUIVALENT CIRCUIT 
FOR LOAD END OF LINE 





(A) CIRCUIT DIAGRAM ANDO TRAVELING WAVES 


Fie. 60. Reflection enused by terminating resistance of any value. 


total voltage 2etR,/(R, + R.). Therefore, the reflected-wave voltage 1s 
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The ratio of the reflected voltage wave to the incident voltage wave is 
called the reflection coefficient T. For the circuit of Fig. 604 

i ge (41) 

Ct * Gia, 

The reflection coefficient provides a quick method for determiming the 
amplitude and polarity of the reflected wave, provided the line termina- 
tion is a linear resistance. For example, if R: = R,. (as it does at the 
battery end of the lines in Figs. 58 and 59), P = 0 and no reflection occurs. 
If the line is terminated in a short circuit (asin Fig. 59), &, = 0, = —1, 
and a wave is reflected with full amphtude and reversed polarity. 

The reflection coefficient applies to changes of voltage caused by a 
traveling wave. Therefore, initial voltages and currents of the line and 
battery voltages in the terminations should be ignored when using it. 
The reflection coefficient is correct only for linear-resistance terminations. 
If inductance, capacitance, or nonlinear elements (such as grid circuits 
in which current begins to flow during the rise of a wavefront) terminate 
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a transmission line, the basic equivalent-circuit method used in the 
derivation of the reflection coefficient should be used instead of the 
reflection coefficient. 

25. Applications of Artificial Transmission Lines. ‘The simplest use of 
an artificial line is to delay a waveform by the time required for it to 
traverse the line. Delays of the order of a microsecond are readily 
obtainable and are often useful in producing a desired sequence of opera- 
tions In a radar system. Long delay times cannot conveniently be pro- 
vided by electrical artificial lines, because of the tremendous numbers of 
sections required to provide sufficient delay and sufficiently high cutoff 
frequency. 
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(A) CIRCUIT DIAGRAM 





(B) IDEALIZED WAVEFORMS 


Fie. 61. Delay line. 


A typical circuit employing a delay line is drawn in Fig. 614. Capaci- 
tance values specified in this figure include the shunt capacitances of the 
circuit. (Tube and circuit capacitances often make up important parts 
of the capacitances at the ends of a delay line.) The characteristic 
resistance of the line is R, = +/(5X 10%)/50 = 10 K, and the total 
delay time is 4 X 1/(5 X 107%) 50 = 2 us. Since the line is ter- 
minated in its characteristic resistance, pulses applied to the input 
end by V, travel to the output end and are not reflected, and operation 
of the tube is as though a 10-IX resistor were connected into its plate 
Piet, 

It tube V; is cutoff except during a |-us pulse applied to its grid, the 
plate voltage of ¢ is a negative 1s pulse, as drawn in the idealized wave- 
forms of Fig. 618. The amplitude of this pulse is obtained from the 
plate characteristics of the tube and a 10-IX, 300-volt load line. ‘The 
pulse in the e, wave appears also in the e, wave, delayed 2 us by the line. 
Sometimes a switch is provided for connecting the output terminals to 
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any one of the junctions along the line; in this manner a variable delay 
time is obtained. The load resistor is then left connected to the final 
output of the line, and the impedance of the switched circuit must be 
high relative to R. to avoid reflections at the junction from which the 
output voltage is obtained. 

A circuit that illustrates the use of an artificial line to discriminate 
among pulses of different durations is drawn in Fig. 62.4. Tube Vy 1s 
fas ej t/2u08 
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(A) CIRCUIT DIAGRAM 


(B) IDEALIZED WAVEFORMS 


Fic. 62. Pulse-length-discrimination circuit. 


normally cutoff but is made to conduct by a series of rectangular grid- 
voltage pulses of different durations. An output pulse is obtained from 
V. only when the input pulse has a duration of 1 us. 

In Fig. 62B, the effect of the circuit upon pulses of 44- and 1-us dura- 
tion is indicated. The %-ys pulse causes a negative pulse of equal 
duration at the plate of Vi, followed after 1 ws by a positive pulse resulting 
from the reflection at the short-circuited end of the line. The positive 
pulse is not reflected at the tube end of the line because of the resistor /t-. 
(The tube is cutoff after the initial pulse, and Ry, is so large relative 
to R. that its conductance 1s negligible.) The C., 2, circuit has a very 
short time constant and peaks the e: waveform, as shown in the figure. 
Because of the large bias voltage for Vs, the peaks in the e-ng wave caused 
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by the '4-ys input pulse are not of sufficiently large amplitude to cause 
V2 to conduct. 

The 1-ys input pulse in Fig. 62B also causes a negative and a positive 
pulse in the ¢1 waveform. Since the pulse duration is equal to the two- 
way delay time of the line, the trailing edge of the negative pulse coin- 
cides in time with the leading edge of the positive pulse, and a double- 
amplitude peak appears in the ¢,.,2 waveform. The bias for V> is set 
so that this double-amplitude peak, in contrast to the peaks caused by 
the }4-us pulse, does cause a pulse in the output voltage exe. 

Operation of the circuit with input pulses of more than I-ys duration 
is somewhat more complicated because the reflected pulse reaches the 
input end of the artificial line while the tube is still conducting. The 
terminating resistance is then less than the characteristic resistance 
because of the shunt connection of the plate resistance of V,, and addi- 
tional reflections occur. If, however, the characteristic resistance of 
the line is small relative to the plate resistance of the tube, the amplitudes 
of the additional reflected pulses can be made too small to influence the 
output wave of V2. Because the trailing edge of the initial pulse and the 
leading edge of the first reflected pulse coincide only for a pulse duration 
of 1 ws, only pulses of this one duration can produce an output pulse. 

The most important use in radar of networks that simulate trans- 
mission Imes is the formation of rectangular pulses. Pulse-forming net- 
works are discussed in detail in Sec. A of the next chapter. 


CHAPTER If 
MODULATORS 


A radar modulator, by controlling the operation of the transmitter, 
causes radio-frequency energy to be produced in short, powerful pulses. 
The modulator controls the shape, duration, and repetition frequency 
of the pulses. Usually it exercises control by applying pulses of plate- 
to-cathode voltage to the transmitter tube. (Magnetrons must always 
be plate modulated. ‘Triode transmitter tubes are often plate modulated, 
but they may be controlled by pulses applied to the grid, or they may be 
self-pulsed. ) 

Nearly rectangular modulator-voltage pulses are preferred in most 
radar svstems. A flat top is desired because both magnetrons and triode 
oscillators shift frequenev if the supply voltage changes, and both operate 
at reduced efficiency if the supply voltage falls below its maximum. A 
steep leading edge is required in fire-control systems to make possible 
accurate measurement of range. A steep trailing edge is important when 
short minimum range is desired—the output obtained while the voltage 
is dropping from its maximum value to zero contributes little to the useful 
energy in the pulse, but it does obscure weak echoes from very close 
objects. 

Short pulses (duration of 0.1 to 2.0 us) required for high resolution 
are usually produced by means of pulse-forming lines or by blocking 
oscillators. Long pulses (durations of 2.0 to 20 us) required to provide 
the pulse energy needed for long-range detection of small objects may be 
formed in a similar fashion, or they may be produced by multivibrators 
or by clipping and peaking circuits. In line-pulsing modulators, a high- 
power pulse is formed by a network and delivered directly to the trans- 
mitter. In driver-power-amplifier modulators, the pulse is formed in a 
low-power driver stage and is amplified before being applied to the 
transmitter. 

Because the use of artificial-line networks is important in both lne- 
pulsing and driver-power-amplifier modulators, Sec. A of this chapter 
‘s devoted to the principles of this method of pulse formation. The 
application of these principles and other details of actual modulator 
circuits are discussed in Sec. B for line-pulsing modulators and m sec. © 
for driver-power-amplifier modulators. 
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A. PULSE FORMATION BY NETWORKS AND SWITCHES 


Two types of pulse-forming networks are employed in modulators. 
One 1s the equivalent of an open-end transmission line. This type of 
network 1s charged relatively slowly in the time interval between pulses 
and then discharged suddenly to form the pulse. The other type of 
network is equivalent to a transmission line with a short circuit at one 
end. .A current is built up in the line between pulses, and the branch of 
the external circuit that carries this current is suddenly opened when a 
pulse 1s desired. ‘The voltage that appears across the line is the pulse. 

1. Charging an Open-end Line. A circuit for charging an open-end 
transmission line (or its equivalent pulse-forming network) through a 
resistance 1s shown in Fig. 1A. The charging resistance is Rx, and the 
switch S is closed to initiate the charging process. The form of the 
voltage at the input terminals of the line during charge depends upon the 
value of A» relative to R., the characteristic resistance of the network. 
Therefore, three charging processes are considered as follows: 

Charging through a Resistance Equal to the Characteristic Resistance. 
If Ris equal to R,, closing switch S causes the voltage eg to rise to the 
battery voltage in two equal steps, indicated by the curve for R. = R. 
in Fig. 1C, as explained in Art. 24, Chap. II. The time 7 required for 
eq to reach its final value is éwice the time for a wave to travel one Way 
along the line. 

Charging through a Resistance Greater than the Characteristic Resistance. 
It KR. 1s greater than R,, more than two steps are required to complete 
the charging of the network. As an example, suppose R., = 9R,. 
When S is first closed, the equivalent circuit (see Art. 23, Chap. II) is 
that of Fig. 1B with Ey, = 0; and the initial value of Gy1S 


I) = O.1 5, 


ie 
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as plotted in Fig. 1C. A voltage wavefront of height 0.1/, traverses 
the line toward the open circuit, where it is reflected without change in 
amphtude or polarity and returns to the input terminals, as indicated in 
Hig. 2A. At the time ¢ = T, the entire line is charged to the voltage 
0.2, and the current at every point in the line is zero. Thus, if the 
switch S were opened at this instant, the voltage at every point on the 
line would remain at 0.2Hy, the valtage indicated by point A in Fig. 1C. 

The switch ts not opened. _ Therefore, current from the battery flows 
into the line to start a new wavefront. The voltage of the second wave- 
front is found from Ine. 1B with Z,, = 0.24y,, the voltage to which the 
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Fia. 1. Charging of open-end line. 


line is charged. The second wavefront, of height 


lied 


I + Of (Ee yp, a 0.2/5) = 0.08 My, 


traverses the linc, is reflected, and returns to the input, as indicated in 
Fig. 2B. By continuing this reasoning, the voltages of all the steps of the 
curve for R., = 9R. in Fig. 1C may be found. 
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An alternate method of finding the height of the wavefronts reflected 
from the input end of the line makes use of the reflection coefficient. For 
example, at time t = 7’ the wavefront arriving at the battery end of the 
line is 0.14. ‘The reflection coefficient (see Art. 24, Chap. II) for 
ion = OF, 18 

9 — ] 


T = eee 


Thus the reflected wave is 0.8 X 0.14), = 0.08E, which value agrees 
with the result obtained from the equivalent circuit. 


Values of A.» greater than PR, cause the network to require more than 
two steps for charging. The higher the value of R.., the smaller is each 
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Fig. 2. Traveling wavefronts on artificial line when one ie 


step and the longer the time required to charge to a given percentage of 
ws. (Compare curves for R., = 24, and Ro. = OR. in Fig. 1C.) The 
dashed curve in Fig. 1C, which is drawn through the origin and points 
A, B,C, ... in the waveform of eg, is an exponential. Point A repre- 
sents the voltage to which the entire line is charged after the first wave- 
front (0.1/,,) has completed its round trip; point B represents the line 
voltage after the second wavefront (0.08£,4,) has traveled to the open end 
and returned; and so on. If Re, is made very large compared with the 
characteristic resistance, the curvaé.of e, consists of very small vanations 
above and below the exponential curve, and a very good approximation is 
had by assuming eg to be the exponential. Furthermore, if 2., is large 
compared with f,, the time constant of the exponential is RenC st, Where 
C's: is the storage capacitance of the network, that is, the capacitance 
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measured with all inductances short-eireuited.! In a slow charging proc- 
ess, the network 1s equivalent to a eapacitance equal to Cy, because the 
voltages aeross inductances are small compared with the voltage across 
the eharging resistanee, and these small voltages have little effeet upon 
the current. 

Charging through a Resrstance Smaller than the Characteristic Resistance. 
If Re, is smaller than R,, the line voltage rises above /y, at the end of the 
first step and thereafter oscillates m steps above and below My. For 
example, suppose that, in Pig. LA, Ra = 0.25... The equivalent ciremt 
shows the initial value of eg to be 


ies 


Ra + 025R,, 2% = 08h 


as plottedin Fig. IC. A wavefront of this voltage travels to the open end, 
is reflected, and returns. Hence, at the time ¢ = 7, the line is charged 
throughout to 1.6/4. which is higher than the battery voltage. 


The dashed curve of Fig. 1C ean be shown to be an exponential as follows: At 
point A, corresponding to t = 7, the voltage iu, — ea is 

22. 
ie a iar 
This voltage PF), plays the same role in the second step as £, did in the first. There- 
fore at point B,t = 27, and Ex, — ea = T?%,,. Correspondingly, at the point on the 
dotted curve corresponding to t = nT, the voltage Ly, —- ea 1s [*4y. Thus, writing 
n = t/T yields the equation of the dotted curve: 
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This is the equation of an exponential. It may be written to the base « by making 


the replacement r = el. Thus, 


= By,(1 — ealvT) = F,,[1 — en (1/P)/T] 
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and the time constant of the exponential is 7/(in 1/T). 

If the pulse-forming network is an artificial line, proof that this time constant 1s 
RerCo for R-, much greater than /, is as follows: The pulse duration is 7 = 2 SUA Ge 
(where L, is the total line inductance), and the characteristic resistance 1S 

—— Wea O, If R-, is much greater than &,, 
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Ina = In (1 “ Re) ~ > 
The last approximation is equivalent to replacing «?%c/¥er by 1 + 2he/Rea, which 1s 
allowable for small values of 2/?./Ren, since the higher power terms of the series expan- 
sion of the exponential are negligible. Thus the time constant T/(Qn 1/YP) 1s 
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The next wavefront round trip involves the discharge of the line—the 
line current reverses, and a negative wavefront (that is, a change from a 
higher to a lower voltage) travels along the line. The magnitude of this 
and succeeding wavefronts may be calculated from the equivalent circuit 
or the reflection coefficient. At each reflection a wave somewhat larger 
than that necessary to restore eg to Hy, is started along the line; therefore 
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Fie. 3. Pulse formation by discharge of an open-end line. 


the voltage eg varies above and below Hy,» in a damped square-wave 
oscillation. 

2. Pulse Formation by Discharge of an Open-end Line. ‘To produce 
a pulse by means of an open-end-line type of network, the network is dis- 
charged through a resistance, as in Fig. 34. In this figure, switch S is 
closed to produce the discharge. The form of e;, the voltage across 
resistor R,, depends upon the relative sizes of R, and R,, as indicated by 
the curves in Fig. 8C. Observe the similarity of the curves in Figs. 3C 


and 1C. 
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The curve of e, obtained with R, = R, is determined as follows: Let 
Ka be the initial voltage to which the network is charged. Then, from 
the equivalent circuit of Ine. 3B, the voltage e; is found to rise to H/2 
when 8S is first closed; the line voltage eg drops from Ms: to Ma/2 at the 
same time. A negative wavefront progresses to the open end (leaving the 
line charged to //2 at each pomt) and returns to the input end (leaving 
the hne completely discharged). At this instant not only the hne voltage 
but also the lne current is zero at every point. Thus the energy origi- 
nally stored in the hne capacitors 1s completely transferred to the resist- 
anee. ‘The rectangular pulse of voltage produced across }; has a magni- 
tude £,:/2 and a duration 7 equal to the trvo-way travel time. 

Curves of e, obtained with other values of /?; may be found in a similar 
fashion. The waveforms of Fig. 3C show that a load resistance greater 
than R, causes e, to remain positive after the end of the main part of the 
pulse, while a value of Ry, less than R, causes an overshoot and several 
smaller pulses following the first. Usually It, 1s made as nearly as 
possible equal to FR. in order to obtain a single rectangular pulse. Some- 
times R, is purposely made less, because overshoot is desired with certain 
types of switches. The smaller pulses following the main one arc then 
eliminated because the switch opens during the first overshoot. 

3. Pulse Formation by a Shorted-end Line. An artificial Ine having 
one pair of terminals connected bya short circuit, or the equivalent pulse- 
forming network, can be used to form a pulse of voltage at the other pair 
of terminals. The network is prepared for the pulse-forming process by 
circulating a direct current J through it, as shown in Fig. 44 (switch S 1s 
initially closed). The switch is suddenly opened, and the voltage that 
appears across the load resistor A; is the pulse. 

Figure 4B serves as an equivalent circuit for the network when 4 1s 
closed and for the first instant after it is opened. Since the voltage e; 1s 
zero during the time that S is closed and a steady current / 1s flowing 
through the line, the equivalent circuit of the line comprises a resistor I. 
shunted by a current source 7. When S is first opened, the current / 
flows through resistors R, and I; in parallel and produces a voltage e,. 

If, for example, R, = R., e, rises suddenly to 4g JR, when switch Ss 
opened. Thus a voltage wavefront of this amount progresses to the 
short-circuited end of the line, is reflected with change of polarity, and 
returns to the input terminals. The waveform of ez: is shown by the 
curve for R, = Rin Fig. 4C. The initial wavefront reduces the current 
at each point of the hne from / to //2, and the returning wavelront 
further reduces the line current to zero. At the time t = 7’, therefore, 
line voltage and line current are both zero, and the energy onginally 
stored in the line inductances is completely transferred to the load 


resistor. 
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The same methods may be applied to determine the other waveforms in 
Fig. 4C. The value of the current / in Fig. 4B is changed after each 
round trip made by a wavefront in a manner similar to the change of EF, 
in Fig. 3B. Alternatively, the reflection coefficient may be used to com- 
pute the amplitude of each wavefront after the first. Note that the 
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lig. 4. Pulse formation with a shorted-end line. 


voltage waveform obtained with R, less than R, is similar to that for the 
open-end line with A, greater than R,., and vice versa. 

4. Pulse-forming Networks. Ordinary artificial lines, such as those 
in Fig. 52 of Chap. I, p. 139, are Sften employed tor pulse formation in 
driver stages of modulators\ Small imperfections of pulse shape are 
caused by the failure of the network to simulate a real transmission line 
perfectly, but these imperfections can frequently be removed by clipping 
in the following amplifier stages. Furthermore, the network operates at 
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relatively low voltage; thus a large number of sections may be used, if 
necessary, Without making the physical size of the network unreasonable. 

In hne-pulsing modulators, the pulse-forming network must operate at 
high voltage and at the same time must provide a pulse of almost perfectly 
rectangular shape to be used by the transmitter. Consequently, a net- 
work that produces an acceptable pulse with the minimum number of 
elements Is required. 
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(B) WAVEFORMS 
Fic. 5. Development of pulse voltage by pulse-forming network. 


One network often used instead of an open-end artificial line is illus- 
trated in Fig. 5A. If Cy 1s charged to a high voltage #., and then switch 
S is closed so that the network is discharged through its characteristic 
resistance ?,, nearly rectangular voltage and current pulses are obtained 
across R,. Oscillatory voltages across the £-C circuits add to the voltage 
of Cy during discharge m such a manner that the network voltage falls to 
zero in two equal steps. 

The curves of Fig. 5B show how this result 1s accomplished. ‘The cur- 
rent waveform represents the rectangalar pulse of current assumed to be 
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obtained when the switch S is closed. The constant current of the pulse 
discharges capacitor Cy: linearly, giving rise to the capacitor-voltage 
waveform éc. The size of the capacitor is chosen so that zero voltage is 
reached at the end of the pulse. The front edge of the pulse of current 
starts an oscillation in the £1, C, circuit (see Art. 18, Chap. Il), and the 
end of the pulse of current ends the oscillation by starting another of 
equal amplitude but opposite polarity. The values of LZ, and C, are 
chosen so that | cycle of the oscillation occurs during the pulse, as shown 
by the waveform of e;1in Fig. 58. An oscillation is started and stopped in 
Le and Cy in a similar way, but the frequency of this oscillation is higher, 
and 2 cycles of it occur during the pulse. If the current pulse were 
perfectly rectangular, infinite-amplitude peaks of voltage would appear 
across the inductance L. Actually, of course, with this inductance in the 
circuit the edges of the current pulse must slope a little, and finite voltage 
peaks are produced, as shown by the waveform of e,. The inductance L 
is small, and the slope of the edges of the current pulse is not sufficient to 
affect the other voltage waveforms appreciably. 

Adding together the voltage waveforms ¢c, €1, €2, and ez, yields the net- 
work terminal voltage eg. Because the total voltage has a two-step form, 
a nearly rectangular voltage pulse is applied to the resistance R. when 
switch S is closed, and the original assumption of a rectangular current 
pulse is justified. 

By varying the values of the inductances and capacitances in the 
resonant circuits, the amplitudes and frequencies of the oscillations 
added to the capacitor voltage can be controlled. Increasing the ampli- 
tude of the higher frequency terms increases the steepness of the sides of 
the pulse but causes oscillations to appear following the edges of the 
pulse. ‘Thus a means of obtaining the best compromise between flat 
top and steep edges is available; such a means of adjustment is not avail- 
able with the ordinary artificial line. 

Some other types of pulse-forming networks are shown in Fig. 6. The 
first network in Fig. 6A is used when an appreciable deviation of the 
voltage pulse from a rectangular shape is allowable. The second network 
in Fig. 6A is equivalent in performance to the one of Fig.5A. A network 
that simulates a short-circuited transmission line is shown in Fig. 6B. 
Kinergy is stored in the magnetic field of the inductance L,, because of an 
initial current, and when current in a part of the external circuit is inter- 
rupted, a voltage pulse is produced across L,:. The elements shunted 
across Le control the shape of this‘\pulse and make it nearly rectangular. 

The network in Fig. 6C is an open-end artificial line with magnetic-field 
coupling between the line inductances. Without mutual inductance, an 
artificial line can provide pulses with very steep edges, but undesirable 
oscillations appear on the top of the pulses. Correct adjustment of the 
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mutual inductance allows the oscillations to be removed with only a small, 
decrease in the steepness of the edges.’ The artificial line with mutual 
inductance is usually constructed by winding a long solenoid and placing 
tap points at equal intervals along the winding. !qual-valued capacitors 
are connected to the tap pomts. The combination of all capacitors in 
parallel is the storage capamtance. This type of network is the one most 
frequently used when an aecurately reetangular pulse is desired. 
Pulse-forming networks are often enclosed in metal boxes with each ot 
the eireuit elements immersed in ol to give compact high-voltage msula- 
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Fie. 6. Pulse-forming networks used in radar modulators. 


tion. If one clement fails, the entire network must be replaced. Net- 
works are labeled with the value of their pulse length 7’, characteristic 
resistance R., and safe operating voltage. 

If the network is of the open-end-line type, the value of the storage 
capacitance C., can be calculated from the values of 7 and R.. Suppose 
a lossless network is charged to a voltage /,, and then discharged into 
its characteristic resistance. A voltage pulse of duration 7’ and amph- 
tude E,,/2 is produced. Since the energy onginally stored in the capaci- 
tance C,, is delivered to the load resistance PR, during discharge, 


1 Fie) tee Le [4 5t ryy 
9 C selh at rome @ (#5 fl 


1 The design of artificial lines with mutual inductance and of pulse-forming net- 
works like those of Fig. 6A is discussed in I. A. Guituemrn, “A Historical Account 
of the Development of a Design Procedure for Pulse-Forming Networks,” Report 
43-10/16/44 (M.I.T. Radiation Laboratory, Cambridge, Mass., 19-t4). 
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or 
a 
Cn = oR. 
and 
a Danes (1) 


Equation 1 shows that the pulse duration equals two time constants of a 
circuit composed of the characteristic resistance and storage capacitance 
of the network. 

If the network 1s equivalent to a shorted-end line, the storage induct- 
ance Le. may be shown in a similar way to be related to 7’ and FR, by the 
equation 


T=2=% (2) 


That is, the pulse duration of a shorted-end-line type of network equals 
two time constants of the circuit comprising the characteristic resistance 
and the storage inductance. 

5. Characteristics of Loads for Pulse-forming Networks. In Arts. 
2 and 3, a pulse-forming network is assumed to be connected to a linear 
load resistunce R, during the generation of a pulse. In actual circuits, 
the network 1s connected to a nonlinear vacuum-tube circuit—the plate 
circuit of a magnetron or triode transmitting tube in line-pulsing modu- 
lators and the grid circuit of an amplifier tube in driver-power-amplifier 
modulators. Neither magnetrons nor triode oscillators draw a plate 
current proportional to the plate voltage. Amplifier grid circuits are 
nonlinear because the grid voltage changes from a negative value before 
the pulse to a positive value during the pulse. 

Despite the nonlinearities of these loads, the principles developed in 
Arts. 2 and 3 may be applied to actual circuits, provided Thévenin’s 
theorem is used (rather than the reflection coefficient) in calculating the 
voltage produced when a traveling wave reaches a nonlinear load at the 
end of an artificial line. 

Consider, as an example, the pulse-forming network of Fig. 7A which is 
charged to 36 kv and then discharged through the magnetron. As 
explained in Art. 8, Chap. XI, the plate current of a magnetron rises 
slowly as plate voltage 1s increased until a critical value of voltage is 
reached and then rses very rapidly for further increase of voltage. Such 
an %, é& characteristic is drawn in kig. 7C and is markedly nonlinear. 

When switch S is first closed, thre Thévenin-theorem equivalent of the 
network is a 36-kv battery in series with a 1.2-IX resistor, as in Fig. 7B. 
If the operating pomt of the magnetron lies somewhere on the straight 
line AL of Fig. 7C, the magnetron is equivalent to a 15-kv battery in 
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series with a 200-ohm resistor representing the incremental plate resist- 
ance rp, and the circuit of Fig. 7B results. (Compare the magnetron 
equivalent circuit with the triode equivalent Pilate circuit of Chap. 11. 
See p. 60.) 
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(8) EQUIVALENT CIRCUIT DURING PULSE 
Fig. 7. Example of pulse-forming network connected to nonlinear load. 


From Fig. 76, the magnetron current during the pulse is found to be 


36,000 — 15,000 


= ~T,200 + 200° = 1° 2mP 


The magnetron voltage is therefore 
é, = 15,000 + 200 XK 15 = 18,000 volts 


and the operating point is C in Fig. 7C. This point can be located in 
another way without the use of an equivalent circuit for the magnetron: 
Lhe pulse-forming network can be considered as a plate-voltage source of 
306 kv in series with a 1.2-I\ load resistor. The intersection of the load 
line for this source (shown dashed in Fig. 7C) with the magnetron charac- 
teristic locates point C. 

During the pulse, the ratio e,/7, is 18,000/15 = 1,200 ohms. ‘Thus the 
network operates as if it were connected to its characteristic resistance 
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and delivers a single 1-us pulse of voltage equal to one-half of EB’. This 
matched condition results, however, only for the particular value of Es: 
assumed. If Hs were reduced, plate current would decrease more than 
plate voltage and the network would appear to discharge into more than 
‘ts characteristic resistance. For example, if Hs were 29 kv, 1, would 
be 10 amp, according to Fig. 7C, and @ would be 17 kv. The ratio 
e,/i, = 1.7 K is more than f.; the initial pulse then has an amplitude 
more than one-half of Es and is followed by a series of smaller pulses. 
If E., were greater than 36 kv, the network would effectively be con- 
nected to less than its characteristic resistance and an initial low-ampli- 
tude pulse would be followed (if 5S remained closed) by alternately nega- 
tive and positive pulses. Note that the steep slope of the %, e, curve of 
the magnetron causes a large change in the amplitude of the current 
pulse to be associated with even a small change in the amplitude of the 
voltage pulse. 

6. Switching Devices for Discharging Pulse-forming Networks. ‘The 
pulse-forming network in a modulator must be discharged through some 
form of switching device that is closed at the beginning of a pulse and 
opened soon after the end of the pulse to allow the storage elements of 
the network to be recharged. The characteristics of a device that affect 
its usefulness as a switch for pulse-forming networks are (1) the precision 
with which the firing time can be controlled, (2) the ability of the device 
to conduct current until the network is discharged and to become an 
open circuit after the network is discharged, (8) the voltage drop across 
the device when it is conducting, (4) the peak voltage at which the device 
can successfully operate, (5) the life of the device under operating condi- 
tions, and (6) the influence of such variables as pressure, temperature, 
humidity, and age on the performance of the device. 

Commonly used switching devices are discussed in the following para- 
graphs, and a summary of their characteristics 1s given in Table 1. 

Rotary Spark Gaps. <A rotary spark gap (see Fig. 8) 1s an effective 
switch because it operates satisfactorily with the high values of pulse 
voltage and current encountered in radar. It is rugged both mechan- 
ically and electrically, and its long life is limited only by erosion of the 
fixed electrode. The gap must be shielded to prevent radio interference, 
and provision must be made for removing the corrosive gases generated 
by breakdown of the air in the spark. In air-borne systems, the gap 1s 
always enclosed in a pressurized container, and blocks of activated carbon 
are used to absorb the gases; in gsound or shipboard applications, forced 
ventilation removes the gases. ‘An ‘erratic variation of £50 us in the 
time of firing requires that self-synchronous timing systems be used with 
rotary spark gaps. 

The action of the gap begins when a pin on the rotating disk approaches 
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a fixed electrode which is connected to the pulse-forming network. A 
pointed arm adjacent to the fixed electrode generates ions by corona dis- 
charge which assists the breakdown of the gap. As the space between 
electrodes decreases, the field strength inereases until the gap fires and 
becomes practically a short cireuit. The circuit remains effectively 
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closed during discharge of the pulse-forming network. Following the 
pulse, the voltage between electrodes is held to a value too low to sustain 
ionization, and after a deionization interval of a few tens of muicro- 
seconds the circuit is open and the network begins to recharge. 

If more than one repetition rate is desired, several fixed electrodes may 
be employed, as shown in Fig. 8A. The pulse rate is shifted by switching 







0 { SWITCH 
TERMINALS 
TRIGGER 
PULSE 


Fic. 9. Gas-diode switch. 


some of the fixed electrodes in or out of the circuit. One rotary spark 
gap may be employed to discharge several parallel pulse-forming net- 
works, each connected to its own load, and the gap may carry pulse cur- 
rents in excess of 1,000 amp. 

Gas Diodes. Two or more cold-cathode gas diodes, such as Type 1B22 
tubes, may be connected in series to form a switching device, as shown for 
two tubes in Fig. 9. Equal resistances connected in parallel with the 
tubes divide the total voltage of the network equally between the tubes 
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so that the voltage across each is not enough to make it conduct. A 
trigger pulse increases the voltage across one tube and causes it to con- 
duct. Several large diodes in series make a suitable switch for very 
high-power modulators. The hfe of some cold-cathode gas diodes is 
greatly decreased if the rated pulse duration or pulse current 1s exceeded 
even slightly. 

In Fig. 9, the negative trigger pulse causes the upper tube to conduct. 
The voltage across this tube then falls to a very small value (approxi- 
mately 60 volts), and nearly all the network voltage appears across the 
lower tube, causing it to conduct and close the circuit. The circuit 
remains closed until the tubes delonize, and then the charging cycle for 
the network begins. 

The chief limitation on the use of gas diodes as a switch is the very 
large trigger pulse required to start conduction. Another difficulty is 
the uncertainty of the firing time of the second tube. 

Argon Thyratrons. ‘The permissible peak voltage of argon thyratrons, 
such as ‘ype 2050, is about | kv. Therefore, these tubes are used only 
in driver circuits. ‘The tube is normally held cutoff by a negative grid 
voltage and is made to conduct by a positive trigger pulse applied to the 
grid. Once fired, the tube continues to conduct until the current fur- 
nished by the pulse-forming network falls below the level required to 
sustam tonization. After a deionization interval in which the plate-to- 
cathode voltage must be kept low, the negative grid voltage regains 
control, and the network can recharge. Firing time of the thyratron is 
very precise. 

Hydrogen Thyratrons. The hydrogen thvratron is a very effective 
switching device for use in a transformer-coupled line-pulsing modulator. 
The Type 4C35 thyratron can be used with a pulse-network voltage of 
more than 8 kv and can carry 90 amp with a drop across the tube of 
approximately 70 volts. 

The average life of the hydrogen thyratron is about 900 hr at a pulse 
repetition rate of 2,000 per second. Since the life depends upon the total 
number of pulses, it is approximately inversely proportional to repetition 
rate. ‘Tube life is unaffected by pulse duration in the range from 0.1 to 
dus. ‘The tube is fired by a 30- to 150-volt trigger pulse applied to the 
erid. 

Saturable-core Inductors. An inductor may be designed so that its core 
saturates for coil currents much smaller than those that are commonly 
present. The incremental inductance is then high (for example, 1 h) for 
currents less than the saturation value, and low (for example, 107+ h) for 
currents in the saturation range. Saturation of the core has an effect in 
the circuit comparable to firing a spark gap. Saturable-core inductors 
may be designed for any required values of voltage and current and are 
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used in hne-pulsing modulators that drive magnetrons directly without 
matehing transformers. Since an maduetor is neither an eleetrome nor a 
mechanieal deviee, it has a very long life. The shunt capacitance of the 
saturable-core inductor is ligh, the effiereney of the associated charging 
eireuit is relatively low, and the pulse shapes obtamed are poorer than 
those obtamed using other switching devices. 
TaB_LE 1. SummMary or Properties or SwrremnGa Devices ror Use wira FULSE- 
FORMING NETWORKS 





Gas tubes 





Rotary ————— — Saturable- 
Property spark 1 B22 2050 AC35 core 
gap gas argon hydrogen rmductor 
drade thyratron thyratron 
Firing Jitiver™ J itition.* Good Good Good 
precision +30 ys +6 ys 
Switch Mechanieal Trigger Trigger Trigger Saturation 
closed by motion pulse | pulse | pulse current 
Switch Deionization after current from network has fallen | Current — fall- 
opened by below minimum to sustam ionization ing below sat- 
uration pomt 
Me ee ee 
Peak pulse More than About More than About More than 
current, amp 1007 70 20 90 15 
Peak More than 3.6 About More than | More than 
voltage, kv 30 per tube 1 8 20 
Normal Adjust every 50—500* 200-500 500-900 Several 
life, hr | 100 thousand 
aT nl an es ae a ll. ee 
Other Removal of | Short life on | Used only | Short hfe | Poor pulse 
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gases and r-f! Very large circiuts pulse rate | Large shunt 
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| 

a 
* Major disadvantage or limitation, 

+ Most rotary spark gaps have a pulse-current rating slightly higher than 1000 amp. 


B. LINE-PULSING MODULATORS 


A block diagram of a line-pulsing modulator using an open-end type of 
pulse-forming line is shown 1n Fig. 70. Between pulses the switeh 1s 
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open, and the power supply charges the network through the charging 
impedance and the primary winding of the pulse transformer. During a 
pulse, the switch 1s closed, and the network discharges through the switch 
and the primary winding of the pulse transformer and supplies energy to 
the transmitter. The apparent impedance of the transformer primary 
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Fig. 10. Block diagram of a line-pulsing modulator. 


equals the characteristic resistance of the network; therefore the form of 
the voltage pulse applied to the transmitter approaches a rectangle. 

7. Charging Methods. ‘The charging circuit of Fig. 10 may be repre- 
sented as an a-c or d-c power supply in series with a charging impedance 
and the storage capacitance of the pulse-forming network, as shown in 
Fig. 11. The transformer primary winding is omitted from Fig. 11 
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Pre. ll. Charging circuit for pulse-forming network. 


because its impedance is too low to affect the charging process. ‘The 
pulse-forming network is represented by its storage capacitance because 
the charging process is so slow that, as explained in Art. 1, the line 
inductances may be considered short circuits. The value of the storage 
capacitance may be calculated } in terms of 7 and R, by means of Eq. 1, 
p. 164. N 
The obvious method of charging a pulse-forming network is d-c resist- 
ance charging, in which the power supply of Tig. 11 is a source of direct 
voltage and the charging impedance is a resistor. This method is 
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employed in driver stages where the power level is low, but it is never 
used in line-pulsing modulators because its efficiency is only 50 per cent. 
During the process of placing a charge Qa on the storage capacitor Cy, a 
power supply of voltage /y, supplies an energy Qsl,, to resistor and 
capacitor together. The final capacitor voltage is /y,, and the stored 
energy is therefore boCali? ovr YoQoo. Thus half of the input energy 
is dissipated in the resistor. 

Several more efficient charging methods, which are used in line-pulsing 
modulators, are discussed in the following paragraphs. An additional 
charging method, inductive-impulse charging, used when a saturable-core 
inductor 1s employed as a switeh, is discussed in Art. 9. 

Direct-current Resonanee Charging. igure 12A illustrates a d-e reso- 
nanee-charging cireuit which employs a d-e power supply /, 1n series 





(A) EQUIVALENT CHARGING (8B) WAVEFORMS OF eg (DOTTED LINE APPLIES 
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Fie. 12. D-e resonance charging. 


with a charging inductance L,,. Immediately following a pulse, the 
charging process begins with the capacitance Cy, uncharged and no cur- 
rent in L.,. Sinee the resistance of the series L-C circuit is low, the 
voltage across Cy: oscillates sinusoidally (as shown by the dashed line in 
Fig. 12B) and, during the first cycle, reaches a maximum value Lg 
approximately equal to 1.9, this value being shghtly less than 2h» 
because of losses in the circuit elements. At the time of maximum 
voltage, the current in L,, is zero. If the switch closes at this instant, a 
pulse of voltage #../2 is produced, and the charging process repeats as 
shown by the solid line in Fig. 126. Successive charging processes are 
alike because the capacitor voltage and inductor current are each zero 
immediately following the pulse. 

To obtain maximum stored voltage, /.., the switch should be timed to 
fire at the peak of the voltage oscillation; that is, since the time duration 
of the pulse is negligible, the repetition period 7’, should be half the period 
of the charging oscillation. ‘Thus 


gf 2m V Lal st =r VJ/Lalu (3) 


7 
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Moderate deviations of 7’, from this value cause only a shght change in 
the value of Kg. 

Advantages of d-c resonance charging are that the storage voltage 1s 
almost twice the power-supply voltage and the charging efficiency 1s 
approximately 95 per cent. <A disadvantage is the relationship between 
repetition period, storage capacitance, and charging inductance that must 
be maintained. 

Direct-current Resonance Charging with a Diode. ‘To permit operating 
a radar set at more than one repetition rate, a charging diode may be 
connected in series with the charging inductance, as shown in Fig. 134A. 
The capacitor is thus prevented from discharging after the maximum 
voltage H., is reached, except for a shght loss of charge due to leakage in 
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Kia. 138. D-e resonance charging with a diode. 


the circuit elements. The charging process is identical with that of 
Fig. 12 except that the diode causes some additional loss, so that Hs 1s 
about 1.7 to 1.8 times Hy. 

Because the diode maintains the voltage at about 1.8# for a consider- 
able time, the interval between times of closing the switch can have any 
value greater than a half cycle of the charging oscillation, as indicated 
by 71 and 7’,. in Fig. 136. 

Normally, the charging circuit is designed so that the voltage eg reaches 
its maximum value #,; in somewhat less time than the shortest repetition 
period 7’,,.., of the radar set. ‘The charging inductance L., must not be 
larger than the value found from Eq. 3 with this minimum repetition 
period substituted for 7,. The charging inductance can be made con- 
siderably smaller than this value, but an excessively small charging 
inductance reduces the voltage H.: because the damping increases as L-, 
is decreased. ! 

1 Tf Rea represents the total series reSistance that causes damping in the charging 
circuit, then a sme wave must be multiplied by the factor e7%e4/(@Les) to represent the 
damped oscillations of eg. At the penk of the oscillation, £is approximately 7 4/Le,Cu, 
so that the multiplying factor for Hy; is e— (#Ren/2)V Cur/Leh Therefore, the smaller L., 
is made, the smaller the peak value to which eg rises. The reduction of /,, is not 


appreciable, however, unless Le, is made considerably less than the value specified by 
Iq. 3. 
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The efferency with a diode is shehtly lower than without a diode, but 
still it ts nearly 90 per cent. Both types of d-¢ resonance charging are 
used th radar systems. 

In a line-pulsing modulator employing a hydrogen thvratron and d-e 
resonance charging with a diode, a special difficulty arises because the 
thvratron conduets in only one direetion. In lig. 14 ignore for the 
moment the by-pass diode, and suppose the pulse-forming network 
(represented by Csr) to be charged to the voltage Ms: and then discharged 
through the thyratron and transformer. A sheht mismateh during dis- 
charge may cause a small voltage of polarity opposite to Ms. to appear 
aeross the network after the pulse. Vhis small reversed voltage is in 
series With the battery at the start of the ensuing charging period. TTence 
the total voltage avatlable to produee the charging oscillation is increased, 
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Fic. 14. Discharge circuit for modulator using a hydrogen thyratron and d-e resonance 
charging with a diode. 


and the voltage stored on the network for the next pulse is greater than 
the first value of Ha. The next discharge leaves a greater magnitude 
negative charge on the network for two reasons: (1) It occurs from an 
increased voltage level and therefore would produce a greater final volt- 
age even if the magnetron were a linear resistance. (2) Because of the 
nonlinear nature of the magnetron resistance (Art. 5), the increased 
voltage increases the degree of mismatch between the network and its 
load. After several cycles of operation wit: successively greater values of 
stored and residual voltages, the thyratron voltage may become greater 
than its maximum allowable value. 

The trouble is overcome by connecting a by-pass diode and a series 
inductance LJ in parallel with the thyratron, as shown in the figure. At 
the end of the pulse, the reversed charge on the network escapes through 
the diode. The series combimation of the pulse-transformer inductance 
and the inductance / in resonance with Cy causes an oscillation that 
reverses the voltage on the network. This new small voltage has a 
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polarity in the normal direction and tends to reduce slightly the maximum 
voltage on the network during the following charging period. 
Alternating-current Diode Charging. ‘The pulse-forming network may 
be charged by an a-c power supply in series with a diode (see Fig. 154). 
At the a-c line frequency, the resistances of the load and the diode are 
negligible compared with the reactance of the storage capacitor.! Toa 
good approximation, therefore, the alternating voltage is applied directly 
across capacitance Cz, and eg follows the apphed voltage from zero up to 
the peak value of the supply voltage, as shown in Fig. 155. The diode 
prevents the capacitor from discharging as the power-supply voltage 


7 


drops. Therefore fy, 1s approximately F,,. 





(A) EQUIVALENT CHARGING CIRCUIT (8) WAVEFORMS 
Via. 15. A-e diode charging. 


If the switching device were to discharge the network at any instant 
when the power-supply voltage is in the direction to cause the diode to 
conduct, the diode and switching device would form a short circuit across 
the power supply. Hence the switch must be synchronized to produce 
pulses only during half cycles of the a-c power supply in which the diode 
cannot conduct. ‘he pulse repetition period is usually equal to the 
period of the a-c supply, though it may be any multiple of this period. 
The efficiency of a-c diode charging is usually higher than 75 per cent. 

Alternating-current Resonance Charging. In another method of charg- 
Ing a pulse-forming network from an a-c source, the network is connected 
in series with an inductance L., and an alternating voltage of peak value 
fm, aS Shown in Fig. 1G6A. Inductance 4. is chosen so that the resonant 
frequency of the charging circuit is equal to the frequency of the a-c 
supply voltage. 


' The reactance of the storage capacitor is Ve = 1/2rfacCau, where fa. is the frequency 
of the a-ec supply. The period of the a-c¢ supply is Vac = 1/fac, und Cyr (according to 
Papas is) 7 2ice > | has 
. any! , Lhe Sarr 

A.C — is a7 
\ Tr 
The value of R. is ordinarily about 50 ohms, and the ratio 7’a-/T may vary from 
several thousand to tens of thousands. Thus Y¢ is of the order of 50 Katleast. The 
resistance of a diode is only a few hundred ohms. 
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Wavetorms of the supply voltage e and the network voltage ey are 
shown 1n Fig. 166. In this figure the supply voltage is assumed to be 
applied at ¢ = 0, with the initial current in L,, and voltage across Ce each 
zero, and the switehing device is assumed to remain open so that no 
pulses are produeed. The final amplitude to which the oscillations of 
ea increase is Much greater than the amplitude of the supply voltage 
because eg is the voltage across the capacitor in a low-loss series resonant 
circuit. A number of eveles are required for e, to reach its final high 
amplitude, however, because the energy associated with the oseillation is 





| 
(A) EQUIVALENT CHARGING CIRCUIT oe : 
ed TE m a | | 
j ‘\ 
PAAR AD AAR A AY [Ret 
0 t We a 
| Jae eee 
| A ore sl 


(B) WAVEFORMS WITH SWITCHING DEVICE (C) WAVEFORMS WHEN NETWORK 
NOT OPERATING IS DISCHARGED ONCE EACH 
POWER-SUPPLY CYCLE 


hig. 16. <A-e resonance charging. 


supplied from the power source a little each cycle. It can be shown that, 
if damping is neglected, energy 1s absorbed from the power source at a 
rate which makes the successive peak voltages reached by eg equal to 
—l6rEm, Tem, —2oTHm, 27m, and so on. Damping in the circuit has 
little effect on the first few peaks, but it makes the peaks approach a 
limiting value after several cycles instead of increasing indefinitely. The 
peaks occur 90 deg later than the corresponding peaks of the supply 
voltage, beginning with the first cycle. 

In Fig. 16C, the first two cycles of eg are shown as a dashed curve. In 
addition, a solid curve shows the waveform of eg obtained when the pulse- 
forming network is discharged at a repetition frequency equal to the line 
frequency. The first cycle follows the dotted curve, and a voltage w/z, 1s 
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reached. The current in L., is zero when the voltage reaches its peak 
value beeause of the 90-deg difference of phase between capacitor current 
and voltage. At this instant the network is discharged. ‘Thus the next 
cycle is started with both the inductance current and the capacitor 
voltage zero, and the second cycle is identical with the first. 

An alternate charging circuit, which uses half-cycle instead of full-cycle 
charging intervals, is shown in Fig. 17A. Here the power-supply voltage 
eis connected across the pulse-forming network. ‘The leakage inductance 
of the power-supply transformer (indicated as a broken-line coil in Fig. 
17A) is the charging inductance. The network is charged first in one 
direction and then in the other, as shown in Fig. 17B; but the rectifying 
spark gap, which is driven at a rate of one-half revolution per cycle of 
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(8) WAVEFORMS 
Fie. 17. <A-e resonance charging with rectifying spark gap. 


the a-c supply, delivers all pulse voltages to the pulse transformer with 
the same polarity. 

If half-cycle charging is used with the rectifying spark gap, a repetition 
rate of twice the power-supply frequency is obtamed. With half-cycle 
charging, damping reduces the value of # from Ey»r/2 = 1.59Em to 
about 1.5#,. When l-cycle charging is used, as in Fig. 16C, one pulse 
for each power-supply cycle is obtained. Instead of rH, the stored 
voltage Hs: is about 2.8H,, because of damping. 

A greater gain of voltage 1s obtained if more charging cycles are allowed 
between pulses, but the pulses are more widely spaced. Thus, with 
2-cycle charging, one pulse is obttined for each two power-supply cycles, 
and Ms. 1is nearly 27H, = 628H,,. Losses reduce EL to about SE pn. 

8. Rotary-spark-gap Modulator. In [ig. 18 is shown the circuit 
diagram of a typical line-pulsing modulator in which a rotary spark gap 
is used to discharge the pulse-forming network. The simplified diagrams 
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of Fig. 19 indicate the circuits for charging the network slowly between 
pulses and for discharging it suddenly to form a pulse. 

Description of Crrewt. The voltage-doubling rectifier provides a nearly 
constant direct voltage of 4.5 kv for use in charging the network. Because 
d-c resonance charging with a diode is used, the pulse network is charged 
toabout 1.8 XK 4.5 = 8.1 kv. The time required by the charging process 
depends upon the charging induetance L,, = 15 h and upon the storage 
capacitance of the pulse-forming network. According to Hq. 1, the 
storage capacitance Is 
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lie. 18. Typical rotary-spark-gap modulator. 


The minimum time taken to charge the network is a half period of the 
charging oscillation, or 


Minimum charging time = 7~/LaCs = 7~/15 X 104 = 1,220 us 


Therefore the repetition frequency may not be higher than 


Because of the diode, lower repetition frequencies are allowable. 

Since the spark wheel of the rotary spark gap turns at 6,000 rpm (100 
rps) and has four electrodes, a repetition frequency of either 400 or 800 
cps may be obtained—-+00 eps 1f one fixed clectrode 1s used, 800 cps if both 
are used. Discharge of the pulse-forming network provides a l-us pulse. 
Sometimes two pulse-forming networks are used with a switching arrange- 
ment to allow a choice of pulse duration. For example, a l-yus pulse 
might be used for normal radar operation, and a 2!4-us pulse to trigger 
radar beacons for navigation purposes (see Art. 8, Chap. I). 
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The amplitude of the voltage pulse applied to the 50-ohm pulse cable ts 
nbout 4.05 kv, that is, half the voltage to which the pulse network 1s 
charged. Frequently the transmitter is located close to the antenna to 
avoid a long r-f line, and the modulator ts located at some distance from 
the antenna for convenience. <A relatively long pulse cable is then 
required. 

In parallel with the input to the pulse cable is a voltage divider that 
supplies a very small portion (about 55 volts) of the modulator pulse as a 
timing pulse for other parts of the system. Self-synchronous operation 
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is required because the transmitted pulse is timed by the rotation of the 
spark wheel, and the instant at which the gap fires 1s somewhat erratic. 

‘The 4.05-kv pulse from the network and cable is increased in voltage by 
the pulse transformer, and a pulse of 4.5 & 4.05 = 18.2 kv is applied to 
the magnetron. Because the winding directions of the pulse-transformer 
coils are as indicated by the polarity dots, a negative pulse ts applied to 
the cathode of the magnetron. Vhe transformer serves two purposes: 
(1) It allows the pulse netwark to’ operate at a considerably lower voltage 
than the magnetron, thereby reducing insulation difficulties in most of 
the circuit. (2) It matches the apparent resistance of the magnetron 
load (about 800 to 1,000 ohms) to the 50-ohm pulse network and pulse 
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cable. Pulse cables are frequently long enough to have a delay time that 
is of the same order of magnitude as the pulse duration. Therefore, the 
characteristic resistanee of the pulse network must be made equal to the 
low resistance of the cable, and the transformer is required to terminate 
the cable property. 

‘The secondary winding of the pulse transformer is bifilar; that is, 1t 1s 
made by laying two msulated conductors side by side so that exactly the 
same voltawe is mduced in each. By means of the bifilar winding, an 
alternating voltage is apphed from a 6.3-volt filament transformer to the 
magnetron heater, and high-voltage pulses are applied between plate and 
eathode. If a simegle-wire pulse-transformer secondary winding were 
used, a filament transformer with high-voltage msulation between wind- 
ings would be required. By-pass capacitors are sometimes placed at the 
ends of the bifilar winding, as im Hig. 18, to allow the pnise current to 
divide between the two parts of the bifilar winding without affeeting the 
heater cirecult. 

An overvoltage spark gap is connected aeross the secondary terminats 
of the pulse transformer, and a d-c mithammeter is provided to mdicate 
the average magnetron current. ‘Phe 2.5-ohm shunt resistor 1s adjusted 
for correct reading of the milhammeter. Because of this resistor, the 
meter may be switched into another circuit withont affecting the opera- 
tion of the modulator. The 1.0-uf capacitor by-passes the a-c com- 
ponents of the pulse current, so that the meter carries a nearly steady 
current. 

Magnetron Voltage after the Pulse. The shunt inductor and damping 
diode in Fig. 18 are needed to prevent the magnetron from producing 
low-power r-f oscillations and noise during a period of several muirco- 
seconds following the main pulse. The waveform of the magnetron 
cathode voltage obtained when the inductor and diode are omitted 1s 
shown in Fig. 204. A rather complex voltage variation occurs after the 
main pulse, and a number of the negative peaks in it are of sufficient 
amplitude to cause the magnetron to oscillate. Thus false signals that 
may obscure real echoes are produced. 

The high-frequency equivalent circuit for the pulse transformer drawn 
in Fig. 21 shows that the leakage inductance L; and the parallel combina- 
tion of transformer output capacitance C.,* wiring capacitance C,, and 
magnetron capacitance Cmag form an oscillatory circuit damped by the 
magnetron plate resistance rp. ‘The leading edge of the pulse starts 
oscillations that are rapidly damped by the low resistance of the conduet- 
ing magnetron. The trailing edge siarts oscillations that persist for a 
long time because the magnetron resistanee 1s high after the pulse and 


* Because of the high ratio of the transformer, C, is very nearly the sum of the 
secondary capacitance and the interwinding capacitance. 
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provides little damping. ‘These oscillations cause the largest part of the 
voltage variations after the pulse in Fig. 20. 

Reflections occur at the end of the pulse cable when the pulse begins 
and ends, even though the transformer is adjusted for a perfect match 
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Fie. 20. Elimination of undesired magnetron output by means of inductor and diode. 


during the main part of the pulse. Because of the capacitances in Fig. 21 
and the nonlinear character of the magnetron plate resistance, the 
decrease of transtormer-primary voltage at the end of the pulse is accom- 
panied by a more than proportional decrease of current. Therefore a 


ol 





Pia. 21. Pigh-frequeney equivalent circuit for pulse transformer. 


very brief positive voltage pulse Is reflected when the main pulse ends as 
HW the terminating resistance were increased. The positive pulse travels 
from the transformer to the pulse-forming network. Because sufficient 
time for deiomzation has not elapsed, the spark gap is conducting. 
Therefore the pulse enters the pulse-forming network, is reflected without 
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reversal of polarity at the open end of the network, and returns to the 
pulse-transformer primary. A negative pulse from the transformer 
secondary is apphed to the magnetron eathode delayed by | us plus the 
two-way travel time m= the pulse cable. This pulse appears super- 
imposed on the high-frequency oseilation m big. 204A. Additional nega- 
tive pulses sometimes result from successive reflections. 

‘To eliminate the undesired magnetron output, a positive component of 
magnetron voltage following the pulse is added by means of the shunt 
inductor. ‘The effect of the inductor ts shown in Fie. 2038, which shows 
a voltage hke that of Iie. 20-4 but with an added low-frequency oscilla- 
tion. During the pulse, current builds up in the inductor in the direction 
of the arrow in ig. 196. After the pulse, this current continues through 
the conducting spark gap into the pulse-forming network, producing a 
reversed voltage on the pulse-forming network and a positive voltage at 
the magnetron cathode. Thus an oscillation having a frequeney deter- 
mined by the storage capacitance of the network and the shunt inductor 
is started. 

Use of the shunt inductor reduces the magnetron output immediately 
after the pulse but causes an output at later times during the negative 
half cycles of the low-frequency oscillation. The damping diode con- 
ducts when the magnetron voltage is positive and therefore changes the 
low-frequency oscillation of Fig. 20B to the overdamped /?-L-C transient 
of Fig. 20C. In addition, the conducting diode provides considerable 
damping of the high-frequeney oscillation and considerably reduces the 
amplitude of the pulses caused by reflections. As shown in Fig. 20C, the 
combination of inductor and diode ehminates all negative magnetron 
voltages after the pulse. 

Other methods of eliminating the undesired negative voltages are some- 
times used. Instead of a shunt inductor, a pulse transformer with low 
magnetizing inductance may be used. The magnetizing current of the 
transformer then serves the same purpose as the current in the inductor. 
Instead of a dampmg diode, a nonlinear resistor (such as ‘Thyrite) in 
series with the spark whecl may be used. The resistance of such a circuit 
element is low during the main pulse when the current through it is high; 
therefore the loss of pulse power is not excessive. After the pulse, the 
current is low and the resistance of Thyrite is high; therefore it damps 
oscillations of the series circuit in which it is placed. Another method of 
providing damping is use of a transformer core having thick lamimations 
so that the eddy-current losses are large. In some modulators a parallel 
combination of resistance and capacitance is placed in series with the 
magnetron. The voltage build-up on the capacitor during the pulse 
places a positive bias on the magnetron cathode for a short period after 
the pulse and thus helps to prevent the spurious output. 
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Operating Conditions during Pulse. At the beginning of the pulse the 
voltage apphed to the pulse-transformer primary winding is 4.05 kv. 
Beeause the transformer matches the apparent resistance of the mag- 
netron to the pulse cable, the primary winding presents a 50-ohm resist- 
anee to the cable, and the imtial primary current ts 4,050/50 = 81 amp. 
Vhe imitial magnetron current 1s therefore 81/+.5 = 18 amp, and the 
initial magnetron voltage 1s 4.05 &K 4.5 = 18.2 kv. These values locate 
the operating point on the plate characteristics of the Type 2J32 mag- 
netron (Chap. XI, p. 795). Aecording to these curves, a flux density of 
1,870 gausses 1s needed to permit operation at this point and to ensure a 
correct match for the pulse cable and network. The power output, read 
from the curves, is about 170 kw. The input power is 18.2 * 18 = 328 
kw, so that the efficiency ts 179308 & 100 = 52 per cent. This value 
checks the efficiency read from the curves. 

Operating conditions change somewhat during the pulse because of the 
build-up of current in the shunt mductor. The amount of current built 
up can be calculated easily because the voltage across the inductor is very 
nearly constant. If e and 7 represent the inductor current and voltage, 
then during the pulse e = LAz/Atl, or 

. eet 
4.05 & 10° = 0.5 K 10 % —— 
Om 
and Az = 8.l amp. Since the inductor current is zero at the beginning of 
the pulse, 8.1 amp is its value at the end of the pulse. 

The increase of inductor current tends to decrease the voltage obtained 
from the pulse-forming network and consequently to decrease the mag- 
netron current. Because of the shape of the magnetron characteristics, 
only a very small decrease of voltage is needed to cause a large decrease of 
magnetron current. ‘Therefore, during the pulse, magnetron current 
decreases almost enough to compensate for inductor current, and little 
change occurs in either the magnetron voltage or the total current output 
of the pulse-forming network. The magnetron current decreases by 
nearly 8.1/4.5 = 1.8 amp, and the final operating point is located on the 
1,870-gauss line at a current of 18 — 1.8 = 16.2 ump. Note that the 
final voltage is not appreciably changed from 18.2 kv. The power out- 
put at the end of the pulse is 155 kw. 

The average power output during the pulse (generally called the peak 
power of the radar system) is 

170 + 155 


Se oo ; 
he average plate current during the pulse is 


18 + 16.2 
— *@ 


-_ 





= 17.1 amp 
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Since the pulse duration is 1 us and the repetition period may be either 
2.900 or 1,250 ws, the reading of the magnetron-current milltammeter is 
either 17,100/2,500 = 6.85 ma or 17,100/1,250 = 13.7 ma, the higher 
reading being obtained with the Meher repetition frequency. 

Deronization of Spark Gap. UW the pulse-forming network is open- 
qireuited durme operation of the modulator (as may occur accidentally 
during switch-over from one network to the other if two networks are 
used), an are eneireles the entire spark wheel and the overload relay (see 
lig. 18) interrupts power to the eiremit. With the pulse-forming net- 
work out of the @remt, an are once started continues uninterrupted as 
the spark wheel turns and short-aircuits the power supply. 

In normal operation the pulse-forming network is completely dis- 
charged during each pulse. Since the network charges slowly through 
the large charging inductance, the voltage across the spark gap is main- 
tained at a low value for several hundred microseconds after each pulse. 
In this way time is provided for ions formed in the gap durme the pulse 
to chsappear so that the air between the electrodes may regain its msu- 
lating property. When the network is open-cireuited, however, no 
means of mamtannng a low spark-gap voltage is present; the mechanical 
separation of electrodes produced by rotation of the spark wheel cannot 
stop conduction mm the toned ai; and a contimuous are is obtained. = In 
every modulator that uses a gaseous-conduction switching device, the 
initial charging rate for the pulse-formmg network must be low cnough to 
permit deionization. 

9. Modulator with Saturable-core Inductor and Inductive-impulse 
Charging. ‘The circwt diagram of a lne-pulsing modulator employing 
inductive-impulse charging and using a saturable-core inductor as a 
switching device is shown in Fig. 22. Operation of the circuit begins 
approximately 200 us before a pulse 1s to be transmitted, at which time 
the normally off pulser tube (V1 in Fig. 22) 1s turned on by a positive 
gate pulse from a timing multivibrator. 

The waveform of the input pulse e; is shown in Fig. 23C. Before the 
application of this pulse, capacitors Cr and Cy, had each charged to 1,200 
volts with the polarities mdicated in Fig. 22. Therefore, as soon as Vy 
begins to conduct, plate current for it is supphed through three paths: 
(1) The 1,200-volt power supply causes current to build up in the 200-mh 
charging inductor L., (see waveform of 7.,). (2) The 1,200-volt charge 
on capacitor Cr causes current to build up in the saturable-core reactor 
Ls. (see waveform of ?s-). At first 7s. builds up very slowly because Ls. 18 
operating in the unsaturated region where it has an inductance of about 
Lh. (3) The 1,200-volt charge on C,; causes current to flow through 1, 
and the magnetron and bifilar inductor (see small pulse in waveform of 
imag). Chis current pulse is of short duration because Cy, is small and is 
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quickly discharged. Nevertheless it could cause an undesired r-f output 
pulse. Therefore the 300-uh inductor L, is included in the circuit to limit 
the rate at which C,; may discharge and to prevent appreciable magnetron 
output. 

When current in J,. increases to the saturation point (about 20 ma), 
the inductance of L,. decreases to about 100 uh, and therefore a sudden 
increase of current occurs, as shown in Fig. 23C. The large value 
reached by 7;, quickly discharges Cr, and 2,. 1s then limited to the current 
that can flow through the 18-I\ resistor /tr. 
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Fie. 22. Modulator using saturable-core inductor and inductive-impulse charging. 


The 180-us period during which tube V; is conducting is used to build 
up a current in the charging inductance L,,, in preparation for the charg- 
ing of Cs. To end the preparation period, the voltage e, at the pulser- 
tube cathode is fed back to the multivibrator that supplies the mput 
voltage. When 2., reaches 1.2 amp, e, becomes large enough to trigger 
the multivibrator, thus causing J7; to be cut off very suddenly. 

The current in L., cannot stop instantly when tube V, is cut off. 
Therefore 7., flows into the pulse-forming network and charges Cy: to a 
high voltage (see charging circuit of Fig. 23.44 and waveform of eg in 
Nig. 23C). The maximum voltage to which C.; is charged is about 18 kv, 
the exact value being difficult to calculate because of the effects of 
damping and. stray capacitances. »Note that a voltage many times 
greater than the power-supply voltage is obtained by means of the induc- 
tive ampulse. Vhe time required to charge C, 1s approximately one- 
quarter cycle of the oscillation frequency of the charging circuit, or about 
10 ws for the circuit of Fig. 23A. 
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Fig. 23. Equivalent circuits and waveforms for modulator of lig. 22. 


When V', is cut off, current in the saturable-core inductor decreases 
very quickly to the limit of the unsaturated region. During the 
remainder of the charging period, the current in L,, changes very slowly 
from about +20 ma toapproximately — 20 ma because the inductance of Le 
ishigh. Hence, the saturable-core inductor conducts a neghgible current 
during the charging period and may be considered as an open switch. 
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The inductance of L., is adjusted so that the voltage eg reaches its 
maximum value at the same instant that the current 7, reaches the 
negative-current saturation limit. Further change of 7,. 1s extremely 
rapid and allows the pulse-forming network to discharge through the 
circuit of Fig. 23B almost as though the saturable-core inductor were a 
short circuit. The discharge path includes the magnetron, and therefore 
an output pulse is produced. 

The 10-mh bifilar inductor in Fig. 22 1s used to supply heater voltage 
to the magnetron in the same way that a bifilar-secondary winding on a 
pulse transformer is used in the rotary spark-gap modulator of Fig. 18, 
p. 177. The bifilar coil also serves with the damping diode to prevent 
the magnetron from producing unwanted pulses after the main pulse 
(see Art. 8). The damping diode is also part of the charging path for 
the pulse network. Sometimes a small positive bias voltage (about 300 
volts) is placed on the magnetron cathode to help in preventing undesired 
magnetron output. 

This modulator circuit has the advantage of being simple, containing 
no moving parts, and requiring a relatively low-voltage power supply. 
It has the disadvantages, however, of low efhiciency and poor pulse shape. 
The poor pulse shape its a result of the imperfections of the saturable-core 
inductor as a switching device and of the simple type of pulse-forming 
network used. 


C. DRIVER-POWER-AMPLIFIER MODULATORS 


Modulators of the driver-power-amplifier type consist of a driver cir- 
cuit that forms pulses and a power amplifier that amplifies the pulses 
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lig, 24. Block diagram of driver-power-amplifier modulator. 


and apples them to the transmitter. A driver-power-amplifier system 
is Hlustrated in block-diagram form in Fig. 2-4. 

The power-amplifier stage is a high-power video amplifier. Special 
tubes with high current and voltage ratings are required, and often two 
or more tubes are connected in parallel. Because of the large powers 
mvolved, high efficiency of the ciyeurt and effective utilization of the 
tubes are important. The \power-amplifier tubes are always cutoff 
between pulses to avoid unnecessary loss of power, and during the pulse 
the grid voltage is driven far positive so that the amplifier tubes can 
carry large currents with low plate-to-cathode voltage. 
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The driver stage of the modulator must also use large tubes, because it 
must furnish grid power to the output-amplifier tubes during the pulses. 
In addition it must contain pulse-forming networks or other pulse- 
generating circuits. ‘“Pypical power-amplifier stages are discussed in the 
next two articles, after which several driver circuits are deseribed. 
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Fig. 25. R-C-coupled power amplifier for radar modulator. 


10. R-C-coupled Power Amplifier. The basic form of /-C-coupled 
power amplifiers used in radar modulators 1s shown by the ciremt of Hig. 
254A, where the transmitting tube is assumed to bea magnetron. Because 
the grid voltage of the amplifier tube V7; has the form of the e. wave im 
Fig. 25B, V1 is cutoff between pulses and conducts strongly during each 
pulse. Consequently, negative plate-voltage pulses are produced and 
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applied through capacitor C, to the cathode of the magnetron (see wave- 
forms of ¢ and Cmag in Fig. 258). 

Operation of the R-C coupling circuit ts in general the same as that of 
an I-C coupling circuit used between two overdriven amphifier tubes 
(see Art. 9, Chap. II). Two special details of the modulator circuit are 
important: (1) Because the magnetron can carry current in only one 
direction, a path for the charging current of C, must be provided by an 
element in parallel with the magnetron. In Fig. 254, diode V¢2 allows 
C. to charge between pulses; C, discharges through the magnetron during 
the pulses. (2) The magnetron characteristics as well as the amphfier- 
tube characteristics are markedly nonlinear; therefore, plate character- 
istics of each tube are required to determine the operating conditions. 
Characteristics of the Type 2J32 magnetron are given on p. 795, and 
characteristics of the Type 5D21 amplifier tube appear in Fig. 25C. 

Suppose that the magnetron 1s to be operated with a flux density of 
1,500 gausses and a plate current of 12 amp at the beginning of a l-ps 
pulse, and assume that the pulse repetition period is 500 us. The mag- 
netron characteristics show that an initial plate voltage of 13.7 kv 1s 
required and that the initial power output 1s approximately 75 kw. 

During the pulse, capacitor C. sends a discharge current through the 
magnetron and the amplifier-tube plate circuit, and simultaneously the 
power supply sends current through the amplifier tube (see the equivalent 
circuit in Fig. 264). Since the voltage drop across Ry, is very nearly 
equal to the voltage applied to the magnetron, the power-supply current 
is approximately 13.7/20 amp, or about 0.7 amp. ‘Thus the current in 
the amplifier tube at the beginning of the pulse is 12.7 amp. Since e, 
during the pulse is +200 volts, the initial operating point of the amplifier 
is point A in Fig. 25C and the initial value of e,is 1.2kv. The capacitor 
voltage ez must therefore be 1.2 + 13.7 = 14.9 kv at the beginning of the 
pulse. 

Discharge of capacitor C, during the pulse causes the magnetron cur- 
rent and voltage to decrease. The capacitor must therefore be large 
enough to supply a current of nearly 12 amp for 1 us without excessive 
change of voltage. Suppose that a decrease of magnetron current from 
12 to 10 amp 1s allowable during the pulse. The corresponding allowable 
change of capacitor voltage may be determined by calculating the 
changes in amplifier-tube voltage and magnetron voltage. The ampli- 
her-tube current is 10.7 amp at the end of the pulse (the change of the 
power-supply current being negligible), and the operating poimt at the 
end of the pulse is at B in Fig. 25C. ‘The change of e, between points A 
and 4 is somewhat difficult to determine by direct reading from the 
curves because of its small size. A more accurate procedure is to use 
the relation Ae, = r,Az. The dynamic plate resistance r, can be deter- 
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mined from the slope of the dotted line in Fig. 25C and is 120 ohms. 
Thus the 2-amp decrease of % is accompanied by a 240-volt decrease of ey. 
The change of magnetron voltage is best determined in the same way. 
From the slope of the 1,500-gauss line, r, for the magnetron is found to 
be 100 ohms, so that the change of @mag is 200 volts. A decrease of 
capacitor voltage of 240 + 200 = 440 volts is therefore allowable. The 
average discharge current for the capacitor is (12 + 10)/2 = 11 amp, and 
the charge removed during the l-us pulse is 11 X 1 = 11 yweoulombs. 
The capacitance of C., therefore, should not be less than 1! 449 = 0.025 uf. 

Between pulses, the equivalent circuit: of Fig. 268 apples and the 
capacitor charges. If a 0.025-uf capacitor is used, the charging time con- 
stant is 20,000 X 0.025 = 500 us because the plate resistance of the 
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Fic. 26. Equivalent circuits for power-amplifier of Fig. 254 during and between pulses. 


charging diode is negligible compared with 20,000 ohms. Therefore, as 
indicated on the waveform for e, in Fig. 255, 


E = (440 + E) ¢— (500-1)/500 


where E is the difference between /,, and the capacitor voltage at the end 
of the charging period and 500 us is the repetition period of the system. 
Thus E = 256 volts, and the plate voltage required for the specified 
operating conditions is 256 + 14,900 volts or very nearly 15.2 kv. 

The steepness of the leading and trailing edges of the magnetron 
voltage pulse depends upon the rate at which the shunt capacitances of 
the circuit can be charged and discharged. These capacitances are 
indicated in Fig. 27 and include the following components: C,, the output 
capacitance of the amplifier tube; Cu, the Wiring capacitance and capaci- 
tance from C, to ground; Ca, the diode capacitance; C,, the capacitance 
between windings of the magnetron heater transformer; Gane neve 
magnetron capacitance. The total shunt capacitance C; is Co + Cw + 
C,+Cy+ Cn and for most modulators has a value between 50 and 


120 up. 
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An approximate equivalent circuit applicable at the time of the leading 
edge of the pulse is that of Fig. 27A. During the short time of the pulse 
edge, there is almost no change of e,; therefore, capacitance C, is repre- 
sented asa battery. The plate current of V,, in the pulse-edge interval, 
is roughly constant at about 23 amp, as may be judged from the estimated 
position of the curve for e, = +200 volts and ¢ in the range of 1.2 to 
14.9 kv in lig. 25C. Thus tube V; is represented by a current source in 
the equivalent circuit. Current in R, is neglected because it is smaller 
than the uncertainty in the value of the plate current. ‘The static 
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(8B) EQUIVALENT CIRCUIT AT END OF PULSE 
Fig. 27. Equivalent circuits for power amplifier of lig. 256A at times of pulse edges. 


characteristic of the magnetron (p. 795) indicates a negligible plate cur- 
rent during the major part of the pulse edge corresponding to magnetron 
voltages less than 12 kv. If the pulse edge is very steep, the dynamic 
magnetron characteristic does not exactly follow the static curve because 
r-f oscillations require time to start (Art. 8, Chap. XJ), and little plate 
current flows before oscillations begin. Thus the magnetron is repre- 
sented in Fig. 274A as an open circuit. 

Within the accuracy limits of this equivalent circuit, e€ and mag 
decrease at a constant rate during, the leading edge of the pulse because 
the constant current 7 = 23 amp. flows through the capacitors. If the 
total capacitance is C, = 100 uuf, the rate of decrease of voltage is 

ly Zi 


— =. —6 — PP y » 
C. = 100 x 10 230,000 volts per us 
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and the time required for the total change of voltage 13.7/230 ~ 0.06 us. 
This interval is too short to be noticeable in the waveforms in Fig. 
Bele. 

When the trailing edge of the pulse oceurs, the applicable equivalent 
circuit is the one in Fig. 27B.  Capacitances are the same as in Fig. 274, 
but the plate current of tube Vy is zero. At the beginning of the trailing 
edge, switch S in the magnetron equivalent circuit is closed, and e, and 
€Cmag Yise very suddenly becanse of magnetron current. The sudden rise 
is short, because magnetron current becomes small, and switeh S is 
effectively opened when the magnetron plate voltage reaches 12. kv. 
Further rise of the voltage follows an exponential curve as C; veceives cur- 
rent through /f,;, and the time constant is 20,000 * (100 * 107-°) = 2 us. 
(The mse of the voltages is actually shghtly faster than this exponential 
beeause the magnetron current, though small, is not zero.) Because the 
trailing edge of the pulse 1s spread over a considerable time interval, the 
magnetron produces noise (see Art. 11, Chap. XI) for about 2 us after 
the end of the pulse, and this noise interferes with the detection of objects 
ag short range. 

Use of Inductor to Increase Steepness of Trailing Edge of Pulse. Yo 
increase the steepness of the trailing edge of the magnetron voltage pulse, 
an inductor is often connected in parallel with the transmitter tube. 
This connection ts shown in Fig. 284, where J 1s the inductor. During 
the pulse, the negative voltage @mag 1s apphed across the inductor and 
causes current to build up in the direction of the arrow shown on the 
figure. The inductance current continues to flow for a short period after 
the pulse and serves as a discharge current for the capacitance shunted 
across the magnetron, thus causing the magnetron voltage to reach zero 
more quickly. The effect is illustrated by the trailing edges of the pulses 
in Fig. 28B, where the top waveform applies if the inductor is omitted, 
and the two other waveforms apply if the inductor is used. 

When the mductor is used, the diode is no longer needed to complete 
the charging path for capacitor C,, but it is still included in the circuit as 
a damping device. If it were omitted, oscillations would occur as shown 
in Fig. 28B, because inductance L and the shunt capacitance form a 
resonant circuit. Radio-frequeney oscillations and noise would be pro- 
duced by the magnetron during each negative swing Of @mag. The diode 
begins to conduct as soon as the voltage @mag becomes positive, and the 
low resistance of the diode shunted across the L-C circuit changes the 
oscillations Of Cmag into an overdamped /??-L-C transient. As indicated in 
the figure, no negative overswing ts obtained. 

A disadvantage of using the inductor 1s that the change of magnetron 
current and voltage during the pulse is increased. ‘The main reason for 
this effect is that the current built up in the inductor increases the ampli- 
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fier-tube current. As a@result, the amplifier-tube voltage increases during 
the pulse, and less of the capacitor voltage is available for the magnetron. 

If the current built up in the inductor during the pulse is not too great, 
its effect of decreasing the magnetron voltage can be compensated by 
increasing the size of C,.. Assume that this compensation is possible and 
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ig. 28. Modulator power amplifier with inductor for increasing steepness of trailing edge 
of pulse. 

that C. and Ly, are adjusted so that Wuring the entire pulse the magnetron 
operating conditions are the same for the circuit of Fig. 284 as for that of 
Wig. 25A. Initial values of magnetron voltage and current are then 
13.7 kv and 12 amp. The initial current in the inductor is zero because 
the small value of this inductance (5 mh) allows the current in it to die 
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away completely between pulses. Consequently all initial currents and 
voltages are the same asm Fig. 25. 

Operating conditions at the end of the pulse depend upon the amount 
of current built up in induetor L. This current ean be determmed from 
the induetance equation e = L di/dt, written in the form 


average rate of am" 


Average inductor voltage = LX a. 
of mductor current 


To duplieate the magnetron operating conditions of Pig. 254, the average 
inductor voltage must be 13.7 — 0.2/2 = 13.6 kv, and therefore the 
average rate of increase of inductor current is 13.6/5 = 2.72 amp per us. 
Thus the inductor current increases from zero to 2.72 amp durng the 
l-us pulse. 

The change of amplifier-tube current is the result of this zncrease of 2.72 
amp together with the decrease of magnetron current of 2 amp. The 
amplifier-tube current therefore increases by 2.72 — 2 = 0.72 amp, and 
the voltage ¢ increases by rpiAt, = 120 X 0.72 = 86.4 volts. Since the 
magnetron voltage decreases by 200 volts during the pulse, the net 
decrease in capacitor voltage is 200 — 86.4 = 114 volts. The average 
discharge current for the capacitor 1s 


b6(12 + (10 + 2.72)} = 12.36 amp 


because the magnetron current plus the inductor current flows through 
the capacitor. The charge removed during the 1-ys pulse is thus 12.36 
ucoulombs. To obtain the assumed operating conditions, therefore, C. 
must be 12.36/114 = 0.108 yuf—a value much larger than the 0.025-yf 
capacitance required when an inductor is not used. 

Too small a value of L may make it impossible to limit the change of 
magnetron current to 2 amp, no matter how large C. 1s made. For 
example, if L were 3 mh, & would be required to increase by 305 volts in 
order to maintain the assumed conditions of magnetron operation. Since 
the magnetron voltage decreases by only 200 volts, and since the capacitor 
voltage cannot increase, such a change of ¢& is impossible. ‘he mag- 
netron current must therefore decrease to less than 10 amp during the 





pulse. 

The effect of L in steepening the trailing edge of the pulse may be seen 
from an approximate calculation of At, the time interval between cutoff 
of V, and the return of @mag to zero (see Fig. 28B). Since the diode V2 
does not conduct when emag is negative, At is the same for the two lower 
waveforms in Fig. 28, and calculations may be based on the oscillation 
in the waveform obtained without the diode. The oscillation is caused 
by resonance between L and the shunt capacitances, as shown by the 
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equivalent circuit in Fig. 28C. The essentially constant voltage e; across 
the battery representing C has no effect upon the oscillation; therefore 
the battery is omitted from the simphfied cireuit of Pig. 28D. As an 
approximation, currents in /?;, and the magnetron are also ignored 
because they serve only to damp the oscillation shghtly. If the total 
shunt capacitance is 100 uf, the period of the oscillation is 


2n 4/100 X 5 X 10-3 = 4.45 us 


The approximate amplitude of the oscillation may be determined from 
the energy relation in the circuit of Fig. 28D. At the instant that V7, is 
cutoff, the current in L is 2.72 amp and the voltage across the shunt 
capacitance is 18.5 kv. The total energy stored in the resonant circuit at 
this instant is therefore 


Oe Oe = On 272) ON Ga Ong) 
lS OS Oe 


| 


= ().0276 joule 


Except for the effects of damping, this energy is all transferred to the 
capacitor when the peak of the oscillation is reached. Thus 


16(100 X 10-2) X& E,,? = 0.0276 


where #,, is the peak voltage of the oscillation, and Z,, = 23.5 kv. 
From the peak voltage and period of the oscillation, the time At can be 

found. If @ represents the change of phase of the sine wave during the 

interval At, then sin @ is 13.5/23.5 = 0.57%, @ is 35 dee, and® at ¥s 


4.45 & 3%o¢69 = 0.43 us 


The inductor reduces the time interval in which noise is produced from 
about 2 us to less than 14 us. 

The very high value 23.5 kv found for E,, should be noted. If the 
damping diode were omitted, a positive peak voltage nearly this large 
would be produced. Since the voltage across C, is nearly 15 kv, the plate 
voltage of V, would reach a peak value of nearly 23.5 + 15 = 38.5 kv, 
which 1s far above 20 kv, the allowable maximum voltage of the tube. 
The damping diode, therefore, is necessary not only to prevent unwanted 
radiation but also to prevent excessive voltages. 

Variations of the Circuit. Vhe plate-load impedance for the amplifier 
tube is often not the resistance Ay, shown in Figs. 25 and 284A. Very 
frequently circuit diagrams slrow ni this position a wire-wound 10-Ix 
resistor having an inductance of about 60 mh. Such a resistor limits the 
power-supply current during the pulse to much lower values than would 
a noninductive resistance of 10,000 ohms. In some circuits a small 
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inductance (5 to 10 mh) is used as plate load impedance to aid in making 
steep the trailing edge of the pulse. A resistance of 1,000 ohms or less 1s 
sometimes placed im series with the induetance. Such circuits allow 
rather large power-supply currents to flow durmeg the pulse. 

Instead of the diode in Fig. 25.4 or diode and inductor in Pig. 284, a 
wire-wound resistance of 5 to 10 Ik with an inductance of 25 to 60 mh may 
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Fig. 29. Circuits in which rectifier filter capacitors serve as couphng capacitor. 


be connected across the magnetron. This impedance furnishes a charging 
path for C.; at the same time the inductance provides some effect m 
steepening the pulse edge, and the resistance serves to damp the oscilla- 
tions that follow the pulse. ‘This circuit eliminates one tube at some 
sacrifice in performance. 

The coupling capacitor C, and the filter capacitor for the high-voltage 
power supply must have high-voltage ratings and rather large capaci- 
tanee. To save space and weight, the power supply 1s sometimes 
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arranged so that the filter capacitors serve also as the coupling capacitor. 
A simple circuit for accomplishing this purpose is the direct-coupled one 
of Fig. 29A, in which the voltage-doubling rectifier, amplifier tube, and 
magnetron are connected in series. To permit measurement of the 
magnetron current without disconnecting either the magnetron plate or 
the amplifier-tube cathode from ground, the circuit may be modified, as in 
Fig. 298, by connecting the plate of V3 to ground through a by-passed 
milliammeter instead of to the magnetron cathode. This connection 
requires the addition of diode V; to provide a charging path for C2 and of 
resistor / to limit the discharge current of C, through V; and V3 during 
the pulse. 

Power-amplifier Tubes. <A list of the tubes commonly employed as 
power amplifiers in radar modulators is given in Table 2. The maximum 
ratings and typical operating conditions of the tubes are indicated. 
From data in the table, currents and voltages in modulators using these 
tubes can be estimated. For example, if a 13-kv, 14-amp pulse is to be 
applied to a magnetron by a modulator using an R-C-coupled Type 715B 
power amplifier, the plate voltage of the 715B would be about 


1,250 * 14/12.5 = 1,400 volts 


and a plate supply voltage of (13 + 1.4) kv, or about 14.5 kv, would be 
required. 


TaBLeE 2. PoWER-AMPLIFIER TUBES FOR MODULATORS 

















Macitmum ratings Typical operating conditions 
Type | Kind of Peak Between During pulse 
No tube Plate 
. plate Cc2, pulses, 
voltage, 
y current, volts Cel, Cet, eb, re 
amp volts volts volts amp 
304TL | Triode 15 eee Ml) ae en —2,500 +50, SOO 1.6 
304TH | Triode 15 ae od eee —1,000 +250) 1,500 7.5 
701A | Tetrode} 15 15 | 000 — 850 O| 1,000; 6.7 
715A | Tetrode} 14 10 | 200 —850; +200, 1,000; 10.0 
715B | Tetrode| 15 Is | 1,200) —850) +200 1,250! 12.5 
5D21 | Tetrode| 20 16 Gh 1.200 —850, +200, 1,250 12.5 
6C21 | triode ff, 35 | |] oe) 6 We Sete —1,500 15.5 


| | — +1500 2,500 | 

ee es Se ee eee eee eee 
11. Transformer-coupled Power Amplifier. When a considerable 
distance separates the transmitter from the modulator power-amplifier 
tubes, the pulse is conducted to the transmitter by a coaxial cable. 
Because the characteristic impedance of such a cable is usually 50 ohms, 
while the input impedance of the transmitter and optimum load for the 
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modulator are both of the order of 1,000 olims, it Is necessary to employ 
transformers to match these impedances. 

A typieal cireuit for a modulator using a pulse cable and two pulse 
transformers is drawn in ig. 30. In this circuit the transmitter tube 1s 
a Type 2J32 magnetron, and two Type 5D21 tetrodes are connected i 
parallel as the power amplifier. ‘The small resistors in series with the 
erid and plate leads are necessary to prevent parasitic oscillations, that 
is, to prevent tubes Vy, and V2 from functioning as a push-pull uhf oscil- 
lator (see Art. 5, Chap. XX). The transformer connections are such that 
the negative pulse at the plate of Vy and V2 (produced by the positive 
erid-voltage pulse) causes a positive pulse at the center conductor of the 
pulse cable, and a negative pulse at the magnetron cathode. 
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Fic. 30. Transformer-coupled power amplifier for radar modulator. 


The circuit between pulse cable and magnetron in Fig. 30 1s hke the 
corresponding part of the line-pulsing modulator circuit in Fig. 18. 
Compare, for example, the bifilar transformer windings and the milliam- 
meter circuits. The inductor and damping diode in each circuit prevent 
production of r-f output after the main pulse. In Fig. 30, the need for 
these elements arises because of high-frequency oscillations caused by 
leakage inductance of the transformer and shunt capacitance of the out- 
put circuit and because of reflections caused by mismatch of the pulse 
cable when the pulse begins and ends. Current built up in the inductor 
during the pulse causes the magnetron voltage to reverse at the end of 
the pulse, and the damping diode prevents oscillations from occurring m 
a circuit comprising the inductor and pulse-cable capacitance. 

Suppose that the pulse shown as e, in lig. 31 is apphed to the power- 
amplifier tubes and the modulator -1s intended to supply a magnetron 
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pulse having an initial voltage of 14 kv and an initial current of 15 amp. 
This operating point lies on the 1,500-gauss line of the magnetron charac- 
teristics (p. 795) and corresponds to a power output of 95 kw. The 
apparent load connected to the secondary of transformer 7's is a resist- 
ance of 14,000/15 = 9350hms. To 
termmate the cable properly, 7. 
must therefore be a step-up trans- 
former with a turns ratio of 


: Q25 7 = 
\/ 93550 — Ae 


The pulse voltage in the cable is 
14/4.32 = 3.24 kv, and the pulse 
Pepi etenY current is 15 X 4.32 = 64.8 amp. 
The turns ratio of transformer 
7’; determimes the plate currents of 
tubes 1°; and JV’. during the pulse 
and fixes the value of /y needed to 
produce the specified magnetron 
pulse. If the plate current in each 
tube 1s to be 9 amp, a transformer- 
primary current of 2X 9= 18 
amp is required and the step-down 
ratio of 7, must be 64.8/18 = 3.60. 
The primary voltage of T, is 
ee then 3-00 <x 3.28 = fii. Ger 
en io, Waveforms for power amplifier le — 9 amp and é. = + 30 volts, 
the plate voltage e, indicated by 
the 5D21 characteristics of Fig. 25C, p. 187, is 1.5 kv. Therefore Ey 
must be 





FeO ip Ome LO exe ah — hana 


as indicated in Figs. 30 and 31. Note that reducing the step-down ratio 
of transformer 7; would increase the amplifier-tube plate currents and 
decrease the required value of #y,. Thus an excessively low ratio would 
require a tube current greater than the maximum allowable value of 15 
amp, and an excessively high ratio would require a plate supply voltage 
of more than 20 kv, the maximum allowable value for the Type 5D21 
tubes. 

During the pulse, current builds, up in the inductor Z and in the 
magnetizing inductances of the transformers. This inductance current 
causes a slight mismatch at the termination of the pulse cable, and the 
exact determination of the change of operating conditions during the 
pulse is complicated by the reflection that results from this mismatech— 
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the two-way travel time im the cable is often of the same order of mag- 
mtude as the pulse duration. Beeause the magnetron current changes 
ereatly with only a very small change of voltage, a very good approxima- 
tion is obtaimed by assuming that during the pulse the mcrease of current 
in the induetanees is exactly compensated by a decrease of magnetron 
current, so that the pulse cable is terminated in its characteristic resist- 
anee throughout the pulse. This is the same approximation made mn 
Art. 8 for a similar circuit ma lne-pulsing modulator. 

The inerease of current in the magnetizing inductance of 7; causes the 
plate currents and voltages of amplifier tubes 1, and V2 to merease some- 

what during the pulse, and corresponding decreases 11 caine BN the mag- 
nitude of emae result. as indicated in Fig. 381. l!xact determination of 
these changes would be diffieult beeause of reflections in the pulse cable. 
The magnetizing inductanee of 7) is, however, much larger than the 
inductanee of L. Therefore, the magnetizing current 1s small, and its 
effect can be neglected in determining the change of magnetron operating 
conditions durmeg the pulse. 

Ordinarily the magnetizing inductance of 7, also is large so that it 
may be neglected in parallel with the 0.2-mh inductance 4. Because 

= [, di/dt and @ame has an essentially constant value of 3.24 kv during 
the pulse, the rate of change of current in / 1s (3.24 kv)/(0.2 mh) = 16.2 
amp per us, and at the end of the })-us pulse the current in L is 
16.2/2 = 8... amp. ‘To compensate for this current, the magnetron cur- 
rent must decrease by 8.1/4.32 = 1.88 amp during the pulse. Note 
(from the 2J32 characteristics, p. 795) that the corresponding change of 
magnetron voltage is very small. 

When tubes VY; and Ve are cut off at the end of the pulse, the current m 
L cannot stop immedia Ply. Beeause of this current, the magnetron 
voltage decreases rapidly, reverses, and diode V3 conducts. The form of 
the wave Of Cm after the pulse resembles closely that obtained in the 
modulator of Fig. 28, p. 192. 

In these calculations, losses in the pulse cable and pulse transformer 
have been neglected. For this reason the power output indicated by 
the calculations (95 kw at the beginning of the pulse and 80 kw at the end 
of the pulse) is appreciably larger than may be expected from an actual 
circuit using the same tube, plate supply voltage, and input wave. 

Space and weight may sometimes be saved by using autotransformers 
‘nstead of two-winding transformers. In Fig. 382A, a transformer and 
an autotransformer having equivalent impedance-changing properties are 
shown, and in Fig. 325, an application of autotransformers in a radar 
modulator is indicated. A coupling capacitor is required between power- 
amplifier tube and autotransformer to remove the direct component of 
the power-amplifier plate voltage. This arrangement is sometimes called 


= 
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Shunt feed. Because an autotransformer cannot invert the polarity of 
signals applied to it, the pulses at the center conductor of the cable are 
negative. The capacitors at the output of the cable prevent the auto- 
transformer windings and inductance from forming a d-e short circuit 
across the milhammeter. 

12. Bootstrap Driver. The driver stage of a driver-power-amplifier 
modulator must supply to the grid of the amplifier tube a large negative 
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voltage between pulses (to maintain the tube cutoff) and a fairly large 
positive voltage during the pulse (to enable the tube to conduct large 
currents with low plate voltage). Values of grid-to-cathode voltage of 
— 800 to —2,500 volts are required between pulses, and voltages as high 
as -- 1,500 volts may be needed during the pulse. Since the grid current 
during the pulse is of the order of an ampere, the driver stage is required 
to furnish a peak power of several hundred watts. The driver must 
control this power in such avw ay ‘that the pulses produced have steep 
sides, flat tops, and a specified duration. 

The earliest widely used circuit for producing nearly rectangular pulses 
of 1-us duration is the bootstrap driver. In it the pulse is produced by 
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discharge of an artificial line through an argon thyratron. Because of the 
voltage limitations of the tube, the pulse amplitude obtainable is only a 
few hundred volts, and a driver amplifier is therefore required between the 
eas tube and the modulator power amplifier. Phe driver-amplhifier tube, 
like the power-amplifier tube, must. be cutoff between pulses and conduct- 
ing during the pulse. (The reverse conditions 

of operation would require an unreasonably fe 
high-power tube and would make the driver- 
amplifier stage consume a power in excess of a 
kilowatt—more than is used by the fimal power 
amplifier.) If a conventional —plate-loaded 
amplifier were employed, negative pulses would 
be obtained and an inverting transformer 
would be needed to supply positive pulses to 
the power-amplifier grid. When the bootstrap 
driver was devised, satisfactory transformers 
for use with l-us pulses were not available, and 
therefore the cathode-loaded amplifier, shown in Fig. 33, was used to 
produce positive pulses directly. 

Note that this circuit is not a cathode follower because the input pulse 
is applied between grid and cathode; the voltage amplification equals that 
of a plate-loaded amplifier. The name bootstrap 1s apphed to the cathode- 
loaded amplifier because an increase of grid voltage increases the cathode 
voltage and the cathode-voltage rise further mcreases the erid-to-ground 
voltage. 

A complete bootstrap-driver circuit is drawn in Fig. 34, and the wave- 
forms produced in it are shown in Fig. 358. The erid-bias voltages for 
the gas tube V2 and the driver-amplifier tube V's are adjusted so that both 
tubes are cutoff between pulses. The output voltage e, between pulses 1s 
therefore —1,100 volts, a value capable of maintaining the power-ampli- 
fer tube cutoff. The period between pulses is sufficiently long to allow 
the pulse-forming network to charge to its final value of 600 volts and to 
allow capacitance C, to charge to 1,200 volts so that the plates and 
cathode of V; are at the same voltage. 

The positive input pulse is applied through capacitor C, and diode V4 
to the grid of the gas tube V2 and causes |", to conduct. Discharge of 
the artificial line through this tube in series with the parallel combination 
of Reo and the grid resistance of tube J’; causes a positive pulse to be 
applied to the grid of Vs, and plate current in this tube produces the out- 
put pulse (see waveforms of ¢.3 and ¢). Because of the bootstrap connec- 
tion, the voltage of the entire circuit of tubes Ve and V3 rises 1,400 volts 
during this pulse. The bootstrap capacitor (‘, cnuses the grid voltage of 
V. to rise with the cathode voltage, ‘thus preventing the flow of a large 
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positive-ion grid current that would damage the grid. Diode V, allows 
the rise of grid voltage to occur without effect upon the input circuit. 

The equivalent circuit for the discharge of the pulse-forming network 
during the pulse is drawn in Fig. 35.4. In it the pulse-forming network is 
represented by its characteristic resistance in series with a battery (the 
mitial network voltage), the plate-to-cathode circuit of WV» is represented 
as an 8-volt battery (because the voltage drop across the gas tube is 
nearly constant at this value), and the grid resistance of the two sections 
of tube V3 in parallel (including the effect of: the parasitic-suppressor 
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Fie. 34. Bootstrap driver. 


resistors) is represented by a 100-ohm resistor res. Currents in the 660-K 
plate-load resistor for V2 and the 30-K erid-return resistor for 7s are small 
and are neglected in the equivalent circuit. Application of Thévenin’s 
theorem to the part of the circuit within the dotted rectangle allows 
calculation of voltages during the pulse; the values eg = 170 volts and 
€éce3 = +20 volts are obtained. 

Lhe voltage eg drops from 600 to V70 volts at the beginning of the pulse 
and remains at 170 volts during-a t-us interval corresponding to the two- 
way travel time of the 430-volt wavefront. At the end of the interval, 
éa drops an additional 430 volts (see waveform of ea), the effeet being the 
same as if the network were discharged into a little less than one-half of 
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its characteristic resistance. The negative value reached by ea stops con- 
duction in Vs, and the gradual stepped-exponential rise of eg from —260 to 
+600 volts begins immediately. The cathode load for }'. must be 


chosen so that eg becomes negative after the pulses in order that 2 may 
have time to deionize after exch pulse. 
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Fic. 35. Equivalent circuit and waveforms for the bootstrap driver of Fig. 34. 


When the grid-to-cathode voltage of V5 is raised to +20 volts, plate 
current from 13 flows through /;3 and the grid resistance of the power- 
amplifier tube and raises the cathode voltage of V’; from — 1,100 to +300 
volts. This rise of e, not only raises the voltage of all pomts in the circuit 
of V> but also, because of capacitor C4, raises the screcn-grid voltage of 
V3. Capacitor Cy charges to about 400 volts between pulses and main- 
tains this screen-grid-to-cathode voltage for V3; during the pulse; dis- 
charge of the capacitor furnishes the screen-erid current. 
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To verify the +300-volt value for e, during the pulse, the plate charac- 
teristics of the Type 829 tube and the grid characteristics of the power- 
amphfier tube are required. The bootstrap circuit ordmarily drives two 
Type 304TH triode power-amplifier tubes in parallel which, under the 
normal operating conditions, require a total grid current of 1.6 amp at 300 
volts. (Actual grid characteristics rather than a value of static grid 
resistance are used because the grid current of these tubes is greatly 
affected by plate voltage.) The total plate current in the two sections of 
V31s the sum of this grid current and the current in Ax3, or 


1,400 


LO + 7900 





= 3.0 amp 


Plate characteristics of the Type 829 tube that include the effect of the 
parasitic-suppressor resistors in grid and plate loads (see Fig. 374) show 
that e, 1s 350 volts when e, is +20 volts and the current mn each section is 
3.0/2 = 1.5amp. Thesum of the voltage drops in the plate circuit of V3 
is therefore 300 + 350 = 650 volts, which value agrees with the supply 
voltage indicated in Fig. 34. 

At the end of the pulse, the cutoff of current in the gas tube V2 returns 
the voltage e,3 to — 150 volts, thus cutting off V3 and causing e, to decrease 
to —1,100 volts. As indicated in Fig. 358, the decrease of e, is not 
instantaneous but occurs at a rate hmited by the shunt capacitance of the 
circuit. ‘To speed the decrease, an inductance of about 2.5 mh is usually 
connected across the 1-I< resistor R;3. This inductor functions in the 
same manner as the shunt inductor used in the power amplifier and has 
the same undesirable effect of causing the top of the pulse to slope a little. 

Sometimes a resistor and capacitor in parallel are placed between the 
cathode of V2 and the connection to C3. A voltage builds up across the 
capacitor durmg the pulse and dies away slowly after the pulse. The 
added positive voltage thus obtained at the cathode of V2 helps to provide 
time for deionization and for the triggering voltage to die away before the 
plate-to-cathode voltage of V2 becomes positive. 

13. Line-controlled Blocking-oscillator Driver. Radar pulses as 
short as 0.1 us or as long as several microseconds can be produced by 
means of the blocking-oscillator driver of Fig. 36. This driver has a 
somewhat simpler circuit than the bootstrap driver because the pulse 
transformer makes cathode coupling unnecessary and the blocking-oscil- 
lator connection eliminates the need for a gas tube. The blocking oscil- 
lator in Fig. 36 functions m the sanve manner as does the one described in 
Art. 21 of Chap. II, except.that ‘the pulse duration is controlled by a 
pulse-forming network tnstead of by a capacitor and the transformer 
magnetizing mductance. To trigger the blocking oscillator, pulses are 
applied in the grid circuit by a cathode follower, tube '";. Positive out- 
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put pulses are applied to the power amplifier, tube Is, by means of the 
third winding of the pulse transformer. 

Waveforms for the blocking-oscillator driver are drawn in Fig. 3723. 
Between pulses the cathode voltage of 1s 15 volts, the voltage ce, across 
the pulse-forming network reaches a final value of 15 + 125 = 140 volts, 
and tubes J. and V's are cutoff beeause of the negative voltages at their 
erids. When positive trigger pulses are applied to the grid of 4, the 
resulting rise of the cathode voltage e; is coupled through the network and 
the trsamstormer winding to Vs. The rise of ec. above cutoff starts a 
sudden switching aetion m the blocking oseillator that ends with V. 
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lic. 36. Line-econtrolled blocking-oscillator driver. 


conducting strongly. A negative pulse therefore appears at the plate of 
V., and positive pulses appear at the grid of V.2and V3. Grid current for 
V2 flows through the pulse-forming network and causes a sudden increase 
of eg. Consequently, if the network 1s an artificial line, a wavefront 
travels toward the open end, 1s reflected, and causes a second increase of 
eg When it returns to the input end. This second change reduces the 
grid voltage of Vs and starts a second switching action that ends the 
pulse. After the pulse, ez returns to its original value in small steps, the 
27-Ix grid-return resistor serving as a discharge path. 

As a first step in the determimation of the amplitudes of the pulses pro- 
duced by the blocking oscillator, the equivalent circuits of Fig. 38 are 
drawn. Figure 384A shows the circuit elements coupled by the pulse 
transformer to the plates of Ve. The power-amplifier grid cirewt os 
represented by a 250-ohm resistance 7.3, which is the static grid resistance 
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of the tube most frequently driven by the circuit (a Type 715B tetrode 
for the usual operating conditions (1,200 to 1,400 volts at the screen grid 
and +200 to +300 volts at the control grid). Similarly, the grid circuit 
of both halves of V2, including the suppressor resistors, 1s represented by 
reo = 100 ohms. ‘The pulse-forming network appears as its characteristic 
resistance in series with a battery representing the mitial network voltage. 
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Tig. 37. Tube characteristics and waveforms for blocking-oscillator driver of Fig. 36. 


The cathode-follower equivalent c@reut depends upon the output imped- 
ance of the source of grid-cathode voltage and the rate of rise of the 
trigger-pulse voltage. Changes in the cathode follower have little effect 
on the output pulse of the blocking oscillator; therefore, for simplicity, 
the approximation is made that ¢ has a constant value of +50 volts 
throughout the pulse. This, value makes allowance for the reduction of 
e, caused by current in the blocking-oseillator grid circuit. 

The circuits connected to the blocking-oscillator-grid winding and to 
the output winding of the transformer may each be simplified by use of 
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Thévenin’s theorem, as indicated in Fig. 38B. The result may be further 
simplified by referring these circuits to the plate winding of the trans- 
former, as in Fig. 38C, the turns ratio being used to refer voltages and the 
square of the turns ratio to refer resistances. The transformer magnetiz- 
ing mductance is marked ZL,, in Fig. 38C. The final simplification of the 
circuit, Wlustrated in Fig. 38), is obtained by a second application of 
Thévenin’s theorem. 

When tube V2 first begins to conduct, the current in L, is zero, and 
therefore the circuit of Fig. 38D is equivalent to a battery of 


1,250 — 708.7 = 541.3 volts 


applied to the tube through a resistance of 206 ohms. The effective load 
resistance for each section of tube V», is therefore 2 X 206 = 412 ohms, 
and the operating point lies on the load line drawn in Fig. 374. The posi- 
tion of the operating point on this line depends upon the grid voltage e,» 
and may be determined by a trial-and-error calculation. The final trial 
IS €-2 = 41.5 volts, so that the operating pomt is A im Fig. 37A. The 
calculations are as follows: At point A, e&» = 160 volts, 
cy = 4280 100 545 volt 

and from Fig. 38A (if the small current in the 27-K grid-return resistor is 
neglected) 

045 — 140 + 50 


100 + 1,000 = +41.3 volts 


which checks the trial value of e@,2. The initial values of e, and eg may 
now be determined from the cireuit of Fig. 38-4: 


(1,250 — 160) — 850 = +240 volts 
, 


€o 





en = C5, = 39557 v Olts 

During the pulse, conditions are constant except that (1) the plate 
current of WV» increases slowly because of the growth of magnetizing cur- 
rent in the transformer and (2) an increase of e; may be expected to occur, 
increasing the current delivered by the grid winding of the eee: 
and requiring an additional increase of plate current. As explained in 
Art. 21 of Chap. I], the blocking-oscillator tube supplies this increased 
current with little eae of plate*or grid voltage. 

If the pulse-forming network is thoug ht of as an artificial line, the rise of 
éa at the beginning of the pulse (553 — 140 = 413 volts) is he voltage of 
a wavelront that travels to the open end of the line and back during a 
I-us interval. Therefore, after 1 ys, eg rises by a second £13-volt step, and 
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the line is statically charged to 140 + 413 4+ 413 = 966 volts. As a 
result of the second rise of eg, the grid voltage e-2 drops suddenly, and the 
pulse is ended by a switching action. The pulse-forming network begins 
immediately to discharge in small steps toward its orginal voltage of 140 
volts. Siice the storage capacitance of the Ime (see Eq. 1, p. 164) is 
[10-§/(2 & 10%)] & 10'? = 500 uuf, the time constant of the exponential 
approximated by the discharge curve is 0.027 X 500 = 13.5 us; and the 
discharge is essentially complete in a fraction of the repetition period. 
The current built up in the transformer magnetizing inductance durng 
the pulse must flow into the shunt eapacitances of the cireuit when the 
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pulse ends, and therefore ringing oscillations appear in the waveforms of 
C.2, €b2, aNd ¢. Because of the 2-I< damping resistors shunted across two 
of the transformer windings, these oscillations die away quickly. 

14. Delay-line-controlled Driver. Driver-power-amplifier modula- 
tors capable of supplying peak powers in the range of 200 kw to 1 Mw 
employ several large power-amplifier tubes (such as ‘Type 6C21 triodes) 
connected in parallel. The grid power required by such amplifiers 1s 
greater than that which can be produced by a bootstrap or blocking- 
oscillator driver using a single Type 829 amplifier tube. A driver capable 
of supplying the required power is shown in Fig. 39 and employs two 829 
tubes in parallel as the driver-output amphfier. 

Between pulses, tube V1 in Fig. 39 is conducting, and tubes Vo, Vs, ancl 
V. are cutoff. At the time the transmitter is to be pulsed, a negative 
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gate pulse of about l-ws duration is apphed to the grid of V; from a timing 
multivibrator, cutting off that tube. The positive pulse produced at the 
plate of V; is coupled to the grids of J’2 and causes a negative pulse at the 
plate of Vo, a positive pulse at the grids of V3 and Wu, a negative pulse at 
the primary of 72, and a positive pulse at the grids of the power-amplifier 
tube. The output pulse is of shorter duration than the pulse from the 
multivibrator because the voltage at the primary of 7’. 1s fed back through 
a voltage divider and an 0.8-us delay line to the grid of V;. The negative- 
eoing front edge of the delayed pulse from the line cuts off tube V2 betore 
the end of the multlivibrator pulse occurs. 

To ensure a rectangular shape for the output pulse, the leading edge of 
the multivibrator pulse must be steep, because this edge controls both 
edges of the output pulse. The multivibrator must maintain WV, cutoff 
for at least 0.8 ws in order that the output pulse may have a flat top. 
Tube V; must return to full conduction shortly after the end of the 0.8-ys 
pulse, because the delay line is coupled to the grids of )'. through a short- 
time-constant circuit, and the delay-line pulse can maintain the tube 
cutoff for only a fraction of a microsecond. 

Lhe positive-going wavefront applied to the V2 end of the delay line at 
the beginning of the pulse does not affect the operation of the circuit. 
Lhe wavelront is transmitted to the 7, end of the line, where negligible 
reflection occurs because the line is terminated in approximately its 
characteristic resistance. At the end of the pulse a positive-going wave- 
front is applied to the T. end of the line. This wavefront reaches the 
ernid of V2 0.8 us after the end of the pulse and tends to cause a second 
conduction of V2. Because the resistance of tube V; when conducting is 
much less than the characteristic resistance of the delay line, the increase 
of the grid voltage of V»is small and does not cause conduction. 

A 2.5-mh inductor is connected across the output winding of 72. With- 
out it, the trailing edge of the power-amplifier grid-voltage pulse would 
not be very steep. With it, the rate of discharge of shunt capacitances is 
increased because of current built up in the inductance during the pulse. 

15. Driver Using Shorted-end Line. In the driver circuit of Fig. 40, 
a pulse-forming network that stimulates a shorted-end line is used in such a 
way that the driver amplifier can be cutott during most of the repetition 
period and yet produce a positive pulse at its plate. Thus neither 
cathode coupling nor a pulse transformer is required. Furthermore, the 
aimplitude of the voltage pulse is not limited to approximately half the 
supply voltage, as it would be if the.pulse were formed by discharge of an 
open-end line. ‘The driver circuit shown produces pulses of about the 
same voltage and current amplitudes as do the bootstrap and blocking 
oscillator driver. 

Waveforms for the driver of Fig. 40 appear in Fig. 418. During most 
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of the interval between pulses, 7; 1s cutoff because its grids are returned 
to —150 volts. Fora penod of about 5 us preceding the pulse, a positive 
voltage 1s applied to the grids, causing 1"; to conduct, and during this 
period a current of about 2 amp is built up in the shorted-end line in 
preparation for the pulse. ‘To produce the pulse, current in Vy; is inter- 
rupted very suddenly, with the result that a positive rectangular pulse 
appears at the plates of 1) and is eoupled through C, to the grids of the 
power-amplifier tubes. The circuit functions much like an R-L-C peaker, 
except that use of the pulse-forming network permits a nearly reetangular 
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pulse to be obtained instead of the more rounded pulse characteristic of a 
resonant circuit. 

The process of starting current in the pulse-forming network is com- 
plicated by the changes of e; during the period V, is conducting. ‘Thus 
the i, ¢ characteristic of the tube is variable. Nevertheless, the process 
is roughly the same as if the network were connected to the plate supply 
voltage through a battery and resistance representing the parallel com- 
bination of 7; and the C,, R,e circuit. Current increases 1n several steps, 
as it would for an external-circuit resistance less than the characteristic 
resistance of the network (see Art. 3), and reaches an essentially steady- 
stute value of 2 amp by the end of the 5-us period. The corresponding 
voltage waveforms are indicated in Hig. 415. 

When tube 7; is cutoff, the pulse-forming network may be represented 
by a resistance &, = 800 ohms shunted by a 2-amp current source. The 
Thévenin-theorem equivalent of this parallel combination is an 800-ohm 
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resistor in series with a 1,600-volt battery, asin Fig. 414. Capacitor C, 
is charged very nearly to 1,875 volts in the period before V,; begins to 
conduct. Because C, is large, 1t may be considered an 1,875-volt battery 
during the periods of current growth and pulse production. Cutoff of 
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current in V1 causes a positive voltage €q to appear, and e& rises above 
1,200 volts and causes the power-amplifier erid voltage e, to become 
positive. The entire equivalent circuit is then as drawn in Pig. +414. 
A 225-ohm resistor is used to represent the grid resistance of the power- 
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amplifier tubes, usually two Type 5D21 tetrodes in parallel.! This equiv- 
alent circuit, permits calculation of the amphtude of the pulse produced, 
the calculation being simplified if the portion of the circuit within the 
dotted rectangle is first replaced by an equivalent battery and resistor, as 
indicated. The network current 7 is found to be | amp, and therefore 
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Fig. 42. Blocking-oscillator modulator. 


e, = 125 volts, e, = 2,000 volts, and eg = 800 volts. Since the current 
during the pulse is exactly half of the initial current, the effect obtained 1s 
as if the network were connected to its characteristic resistance. All the 
energy stored in the network 1s dissipated during the I-s pulse, and after 
the pulse the network is equivalent to a line with zero voltage and zero 


1 In Art. 13 the 715B (which is identical with the 5D21 except for maxnnum voltage 
rating) was assumed to have a static grid-resistance of 250 ohms when the grid voltage 
‘s 200 to 300 volts. The grid resistance of these tubes varies considerably with grid 
voltage and is approximately doubled when the grid voltage is reduced to 125 volts, 
as in the present example. : 
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current at each point along its length. Therefore, after 1 us, e, returns to 
+ 1,200 volts and e, returns to —675 volts. 

16. Blocking-oscillator Modulator. In low-power radar systems, a 
single tube may be used as a modulator. In the circuit of Fig. 42A, for 
example, tube V,; functions as a free-running blocking oscillator, and the 
pulses generated in it are applied directly to the triode transmitter tubes 
which produce a peak power output of about 8 kw. The repetition fre- 
quency of the radar system is controlled by the discharge of grid capacitor 
C, through resistors R; and Ro. 

The output winding of the pulse transformer in Fig. 424 is connected 
so that, when V; conducts, a negative pulse is applied to the plates of the 
transmitter tubes and no transmitter current flows (see Fig. 4238). Dur- 
ing the inductive overshoot that occurs when I’, ceases to conduct, a 
positive pulse is applied to the transmitter and r-f power is generated. 
The duration of the positive plate-voltage pulse for the transmitter 
depends largely upon the transformer 7’; and upon circuit capacitance. 
The duration of the r-f output pulse is usually shorter than the plate- 
voltage pulse, as indicated in the figure, because of the grid-leak bias pro- 
duced in the transmitter circuit (see Art. 11, Chap. X). The shape of 
the output pulse is appreciably nonrectangular. 

The reason for using the overswing instead of the main blocking- 
oscillator pulse to generate r-f energy is that by so doing the conduction 
period of V; can be increased and the peak plate current of V, reduced. 
Energy stored in the magnetic field of the transformer during the rela- 
tively long conduction period of V; is converted to r-f energy during the 
much shorter period of transmitter operation. 
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The component of a radar system that presents information about the 
location of refleeting objects is called the indicator. Tf the system is 
required merely to deteet the presence of a reflecting object within a 
certain region of space, a simple indicator such as a bell, lamp, or tele- 
phone headset may be used. Usually, however, it is desired to display 
simultaneously the coordinates of a number of objects. Indicators using 
cathode-ray tubes are capable of such presentation and are the type most 
generally used m radar sets. Coordinates of the objects may be deter- 
mined directly from the cathode-ray-tube screen or, when one object at a 
time is to be located accurately, from dials and counters that control the 
display. In the latter method, the cathode-ray tube serves to provide 
mnformation for making the proper dial and counter settings. This 
chapter discusses cathode-ray-tube indicators and their associated 
circuits. 

A. CATHODE-RAY TUBES 


A cathode-ray tube consists of an electron gun that projects a narrow 
beam of electrons along the axis of the tube, a means of deflecting this 
beam, and a fluorescent screen to indicate the deflection of the beam. 
Cathode-ray tubes are usually classified according to the method used to 
focus and deflect the beam and are of two types. One, the so-called 
electrostatic cathode-ray tube, uses electric fields for focusing and deflecting 
the beam. ‘The other employs magnetic fields for both purposes and is 
called a magnetic cathode-ray tube. 

Magnetic cathode-ray tubes are capable of producing well-focused 
beams of high current density and are operated with higher accelerating 
voltages than electrostatic tubes. Because of these characteristics, an 
extremely bright spot may be obtained on the screen of magnetic tubes. 
These tubes are particularly well suited for presentations such as Types 
B and P, where the antenna ts rotated to scan a large region. The time 
during which any given area ot the screen is bombarded is a very small 
lraction of the time of the scanning cycle, and the brightness of the 
indicator spot 1s low unless the beam contains a large number of high- 
velocity electrons. Magnetic tubes also have the advantages of being 
more rugged than electrostatic tubes and of being shorter for a given 
screen diameter. / 
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In applications where weight is important, electrostatic tubes have the 
advantage of not requiring heavy coils for deflection and focusing. The 
circuits used to provide sweep voltages lnear with time are generally 
simpler than circuits required with magnetic tubes, especially when fast 
sweeps are needed. Electrostatic tubes are therefore used in deflection- 
modulation indicators where a high screen illumination is not required 
and in intensity-modulated indicators where weight is important and fast 
linear Sweeps are necessary. 

1. Electrostatic Cathode-ray Tubes. A schematic diagram of a 
typical electrostatic cathode-ray tube is shown in Fig. 1. The electron 
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Tia. 1. Electrostatic cathode-ray tube. 


gun uses electric fields to form a beam by accelerating and focusing elec- 
trons from the cathode, and the beam is deflected by electric fields 
between each pair of deflecting plates. 

Electron Gun. ‘The electrodes contained within the dashed-lmne rec- 
tangle of Fig. 1 comprise the electron gun. The cathode 1s a source of 
electrons, the control grid limits the number of electrons traveling toward 
the screen, and the first and second anodes focus and accelerate the elec- 
trons. These electrodes are cylinders, the axes of which are coincident 
with the axis of the tube. The flat end of the cathode is oxide-coated 
and heated by means of a noninductively wound filament. Electrons 
leave the cathode in random directions, but most of them are converged 
toward the axis of the tube by the action of the electric field between 
cathode and control grid. Electrons that converge sufficiently pass 
through an aperture in the grid and follow paths that meet at point A, 
hig. 1, near the opening. 

Convergence at point A is the result of the electric field produced by 
the combined effects of the cathode, control-grid, and first-anode voltages 
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on the motions of electrons traveling toward the opening. The field in 
this region 1s described by the equipotential lines shown in Fig. 1. These 
lines are constant-voltage contours. The forces exerted by the electric 
held upon the electrons accelerate them in directions perpendicular to the 
equipotential lines. After the electrons leave point A, their paths diverge 
as they approach the first anode. 

The electrons pass through a space within the first anode that 1s almost 
held-free and enter the space between the first and second anodes, where 
the field indicated by the equipotential lines in ig. | exists. Electrons 
not, on the tube ants are defleeted toward the axis as they pass through 
this field because they are aecelerated by forces perpendicular to the 
equipotential lines. As the electrons enter the second-anode region, they 
are accelerated away from the axis, and them paths become less rapidly 
convergent. They have still, however, some velocity toward the axts and 
will meet at a pomnt on the axis. If this point is at the sereen, the beam ts 
said to be in focus. The point of convergence depends upon the ratio of 
the voltages apphed to the first and second anodes and may be changed 
by adjusting either of these two voltages. Focus 1s usually controlled by 
adjusting the first-anode voltage—henee the name focusing anode. ‘The 
baffle plates shown inside the first and second anode cylinders serve to 
intercept electrons that follow paths too divergent for sharp focusing. 

Beam Deflection. The electron beam is deflected by electric fields pro- 
dueed by voltages applied to two pairs of plates located just beyond the 
second anode. The two sets of plates are mounted at right angles to one 
another, the plane of one set being horizontal and the plane of the other 
set vertical. If a voltage is applied to the plates of a pair, the electron 
beam is attracted toward the more positive plate; the amount the beam 
is deflected is directly proportional to the voltage between the plates. As 
shown in Fig. 1, the plates are made parallel for a small part of their 
length and divergent for the remainder in order to prevent the beam from 
striking the plates when large deflection voltages are applied. 

The intensity of the spot on the cathode-ray-tube screen depends upon 
the velocity of the electrons at the screen and the number of electrons per 
second that arrive at a given area of the sereen. The spot intensity is 
usually controlled by adjustment of the control-grid voltage. Decreasing 
the magnitude of a negative grid voltage increases the beam current and 
therefore increases the brightness of the spot. ‘Too large beam currents 
result in a poorly focused spot. Intense spots of small diameter may be 
obtained by use of very high second-anode voltages which result in high 
electron velocities, but the deflection sensitivity is then decreased. 
Deflection sensitivity is defined as the number of millimeters deflection at 
the screen caused by a 1-volt signal impressed upon a pair of deflection 
plates. (The term deflection factor is also used and is defined as the 
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number of volts that must be impressed upon a pair of deflection plates 
to produce a 1-in. deflection of the beam.) 

T'o permit the use of higher accelerating voltages (and so provide 
greater screen illumination) without appreciable loss in deflection sensi- 
tivity, some tubes have an auxiliary high-voltage anode located between 
deflection plates and screen. ‘This electrode may be operated at a voltage 
30 to 100 per cent higher than the second-anode voltage and consists of an 
Aquadag coating on the inside of the tube. Aquadag is a colloidal solu- 
tion of graphite which, when painted on the glass of the tube and allowed 
to dry, forms a high-resistance coating. Since the current density in the 
coating 1s small, the high resistance is no disadvantage. 

Defocusing Effects. To avoid defocusing the electron beam, the deflec- 
tion plates and second anode should be at approximately the same volt- 
age. It is also desirable from the standpoint of external circuits that the 
deflection plates be near ground voltage. Both requirements may be 
met by connecting the second anode to ground and operating the other 
electrodes, except the auxiliary high-voltage anode, at negative voltages 
with respect to ground. 

One defocusing effect in electrostatic cathode-ray tubes is called astig- 
matism. ‘This term has the same general meaning here as in optics; it 
indicates that the beam is in focus in the plane of one pair of deflecting 
plates but out of focus in the plane of the other pair. Astigmatism 
results 1 the average voltage of one pair of deflection plates with respect 
to the second anode is incorrect. 

Consider first that the beam is focused in both the horizontal and 
vertical planes with no voltage between deflecting plates, as shown in 
Fig. 2A. As the beam passes between a set of plates, the electrons in the 
beam have horizontal, vertical, and axial components of velocity vz, v,, 
and vz, respectively. If, now, both vertical-deflection plates are made 
positive with respect to the second anode, the resultant electric field 
accelerates electrons toward the positive plates, thus reducing the 
vertical components of velocity v, but not affecting the horizontal com- 
ponents v, (compare Figs. 24 and B). The result is that the beam is 
defocused in the vertical plane but not in the horizontal; the point of 
focus in the vertical plane hes beyond the screen. A similar effect is 
produced if both vertical-deflection plates are made negative with respect 
to the second anode; the point of focus in the vertical plane then occurs 
between screen and deflection plates. 

Astigmatic defocusing cannot be corrected by readjustment of the 
focusing-anode voltage, because no one voltage produces a focus in both 
the horizontal and the vertical planes. The positive voltage applied to 
the vertical-deflection plates in Fig. 2B also increases the axial velocity 
component v, Change of v, alters the time taken by the electrons to 
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reach the screen and thus affects the focus in both planes. Since the 
effeet on focus in the two planes is nearly the same, the focusing-anode 
voltage can be adjusted to compensate for the effect of axial velocity on 
focus. 


To correct astigmatism, a voltage is applied between the second anode 
and either pair of deflection plates in such a way as to focus the beam at 
the same pomt in both planes. The point of convergence Is then brought 
to the screen by adjustment of the main focus control. In some radar 
indicators an astigmatism control is provided, and the sharpest possible 
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Fig. 2. Astigmatism in cathode-ray tube. 


pattern 1s obtained by making successive adjustments of the main-focus 
and the astigmatism controls. 

Another defocusing effect is produced if a time-varying deflection volt- 
age 1s applied to only one plate of a pair, the second plate being connected 
to the second anode. Vanations of the deflection voltage cause the mean 
Voltage of the pair of plates to vary with time. Variation of this mean 
voltage causes the point of focus in the plane of deflection to vary from 
pomt to point along the trace because of variation of transverse-velocity 
components and causes the point of focus in both planes to vary along 
the trace because of variation of anxial-velocity components. Neither 
the main-foecus control nor an astigmatism control can remove this type 
of defocusing—the position along the trace at which focus is obtained 
can be changed, but the entire trace cannot be brought into focus. 
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This type of defocusing is greatly reduced if the deflection voltage 1S 
applied in push-pull to the two plates of a pair. ‘Thus the average voltage 
of each pair is maintained constant relative to the second anode. Push- 
pull sweep circuits are frequently required for this reason, but push-pull 
signal-deflection circuits for Type A indicators are seldom required 
because of the small amplitude of the signal. 

Fluorescent Screens. The screen materials used in cathode-ray tubes 
are called phosphors. The color and persistence of the light emitted by 
the screen depend upon the composition of the particular phosphor used. 
The phosphors are designated by the letter P followed by a number. 
Most cathode-ray tubes of radar indicators employ a P1, P4, or P7 screen. 
The P1 and P4 screens have medium persistence and emit green and white 
light, respectively. The P7 screen has long persistence and emits yellow 
light. 

The decay time of long-persistence phosphors is greatest when they are 
excited at low energy densities. Because of this property, and also 
because the beam electrons are barely able to penetrate the phosphor, 
long-persistence screens cannot be excited directly by electron bombard- 
ment. The high energy density needed to produce an ample amount of 
light would result in short persistence. In the P7 screen, excitation at 
low energy densities is achieved by coating the long-persistence layer 
with a second layer called the flash layer. Electrons striking the flash 
layer cause it to emit a brilliant flash of blue light. Because the light 
rays are able to penetrate the long-persistence phosphor more deeply, 
adequate excitation is obtained at low energy densities, and a long- 
persistence yellow glow 1s produced. 

The brilliant blue light given off by the flash layer would be hard on the 
eyes were its brilliance not reduced by placing an amber-colored filter in 
front of the tube. The filter also provides contrast by partially excluding 
ambient light. Markings to indicate the scale of coordinates are some- 
times carried by the filter. 

Most electrostatic cathode-ray tubes used in radar indicators employ 
either Pl or P4 screens; a few have P7 screens. With a P/ screen, an 
auxiliary anode operating at about 4+ kv is necessary, because electrons 
must strike the screen with an energy of about 4,000 electron volts in 
order to produce satisfactory lummescence. 

Once the electrons have reached the screen and have given up their 
energy in producing luminescence, they must be removed; otherwise, a 
large negative charge would build upon the screen. Since both the screen 
material and the glass of thestube are good insulators, a current of elec- 
trons cannot flow through these materials. Electrons striking the screen 
cause other electrons to be emitted from the screen by secondary emis- 
sion. Some of these secondary electrons have sufficient velocity on emis- 
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sion to reach the Aquadag coating and thus to return to the power supply. 
Those electrons not having sufficient velocity return to the screen. An 
equilibrium condition is produced in which just as many secondary elec- 
trons return to the power supply as reach the sereen in the beam, and the 
sereen is thus maintamed at a constant voltage. For the screens used 
with cathode-ray tubes of radar indicators, equilibrium is reached when 
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Fig. 3. Magnetic cathode-ray tube. 


the screen is at a voltage about 100 volts below that of the collecting 
anode. 

2. Magnetic Cathode-ray Tubes. The construction of a typical 
magnetic cathode-ray tube is shown in Fig. 3A. Note that magnetic 
rather than electric fields are used for focusing and for deflection. The 
flare angle is made greater than in an electrostatic tube to accommodate 
the greater angle of deflection obtainable with magnetic fields. ‘Thus the 
magnetic tube is shorter for a fixed screen diameter. 
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Electron Gun. In the magnetic tube, the electron gun comprises the 
heater, cathode, control grid, second grid or screen grid, focusing mag- 
netic field, and anode. Operation of the section of the tube that includes 
heater, cathode, and control grid is the same as for the corresponding 
parts of an electrostatic tube. The second grid serves to screen the 
region between cathode and control grid from the high accelerating volt- 
age of the anode and thus reduces the value of negative control-grid 
voltage necessary to cut off the beam current. This electrode does not 
serve to focus the beam. 

Focusing is accomplished by means of a coil consisting of many turns of 
wire wound on a soft-iron ring provided with an annular air gap, as shown 
in Fig. 34. An adjustable direct current in the winding sets up a strong 
magnetic field through the center of the coil. Electrons moving exactly 
along the axis of the tube pass through the focusing field with no deflec- 
tion, since they move parallel to the magnetic field at all times. All other 
electrons approach the focusing field with outward radial components of 
velocity. As these electrons pass through the field, they are acted on by 
forces which cause rotation about axes parallel to the tube axis and which 
produce inward radial accelerations sufficient to reverse the initial out- 
ward radial-velocity components and to bring the beam to a focus at the 
screen. 

Consider, for example, an electron following trajectory | in Fig. 34. 
At point A, where the electron enters the focusing field, the magnetic 
field has an appreciable radial component. The large axzal velocity of the 
electron in the presence of this radzal field results 1n a force which 1s in a 
direction to deflect the electron outward from the plane of the page. ‘The 
electron therefore enters the central portion of the magnetic field with a 
tangential component of velocity (a component perpendicular to a radial 
line from the tube axis to the electron); thus electrons in the central por- 
tion of the field tend to rotate about the tube axis. 

The central portion of the focusing magnetic field is almost entirely 
axial, and consequently in this region the axial component of the electron 
velocity does not cause a deflection force. However, the tangential com- 
ponent of velocity in the presence of the avzal magnetic field results in a 
force which causes the electron to be accelerated radially inward toward 
the tube axis. The electron follows an approximately helical path as it 
passes through the region between points A and B, as indicated in Fig. 
356, and acquires an inward radial component of velocity. 

In leaving the magnetic field at point 5, the electron again passes 
through a region in which there is a radial component of magnetic field. 
The tangential force is now in the opposite direction, with the result that 
the tangential velocity imparted to the electron as it entered the field 1s 
canceled. The inward radial velocity component acquired in the region 
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between A and / is not canceled, however. The electron beam, there- 
fore, rotates only while it is passing through the magnetic field. The 
electron emerges with the same axial velocity with which it entered the 
field and with a radial velocity component which is now mward and 
causes the electron to travel toward the axis of the tube. It may be 
shown that all electrons in the beam reach the axis at the same point. 
By adjusting the current in the focusing coil, this point may be made to 
le on the screen, thereby producing a sharply focused spot. The focusing 
action depends upon the shape. strength, and axial positron of the mag- 
netic field. Tilting the focus coil causes the beam to tilt away from the 
tube axts, and therefore an adjustment that tilts the coil may be used to 
eenter the spot on the screen. 

lustead of a foeusing coil, a permanent magnet may be used. ‘The 
magnet may have the form of a two-seection annular ring, as shown m 
Fig. 4+. Vhe focusing effect is ad- 
justed bv changing the air-gap spac- 
ing between the pole pieees. In 
some applications. the magnet Is 
moved axially to bring the trace 
into focus and tilted to center the 
pattern. 

Beam Deflection. ‘The electron 
beam is deflected by the magnetic 
field that results from current passing 
through a set of deflection coils. The coils are many-turn windings that 
mav take anv of several forms and may be wound on air or ferromagnetic 
cores. The coil assembly, called the deflection yoke, is mounted in a 
magnetic shield and placed around the neck of the cathode-ray tube. 
Four types of deflection coils are illustrated in Fig. 5. 

In one method of obtaining plan-position indication, the beam 1s 
deflected in a fixed direction with respect to the yoke, and the yoke itself 
is rotated to change the direction of the deflection on the screen. ‘he 
deflection vokes of Figs. 5A, B, and C may be used in this way. The air- 
core coils of Fig. 5.4 are bent to fit closely around the neck of the cathode- 
rav tube, and the coil current sends magnetic flux through the tube in the 
direction shown. The return path of the flux is through the magnetic 
shield that surrounds the core. ‘Lo secure a more uniform distribution 
of flux, the turns of the coils are often distributed, as in Fig. 58. Some- 
times a distributed winding is used with its turns placed in the slots of an 
iron core. ‘The assembly is then called a motor-stator yoke because of its 
appearance. A different iron-core yoke carries toroidal windings, as 
illustrated in Fig. 5C. The windings are connected so that the magnetic 
fluxes are in opposite directions in the core but the same direction across 





Fic. 4. Permanent magnet for focusing 
electron beam. 


224 INDICATORS Car ery 


the neck of the tube. The electron beam is always deflected in a direc- 
tion perpendicular to the magnetic flux. Thus, for the assemblies of Figs. 
5A, B, and C, the direction of deflection changes as the yoke is rotated. 

When fixed deflection yokes are employed, two sets of windings are 
required to produce horizontal and vertical deflections. The yoke of 
Fig. 5D, employing a square iron core, may be used. Current in coils A 
and Bb causes a vertical flux through the neck of the cathode-ray tube and 
a horizontal deflection. Current in windings C and D produces a hori- 
zontal flux and vertical deflection. Because of the symmetrica construc- 
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tion, fluxes from windings A and B induce equal-magnitude voltages of 
opposite polarity in windings C and D. The same is true of the fluxes set 
up by windings Cand D which link coils A and B. Fixed deflection yokes 
capable of providing deflections in two directions are also made in the 
forms of Figs. 54 and B, with a second set of windings added at right 
angles to the windings shown. In each structure, careful balancing of 
induced voltages is needed to preveikt interaction between the two sets of 
windings. ik 
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Fluorescent Screens. The magnetic cathode-ray tubes of radar indi- 
cators use long-persistence phosphors such as the P7. A long-persistence 
screen is required because these tubes are normally used with presenta- 
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tions such as Types B and P, where the antenna scans a large region and 
any one object is illuminated for only a short time during the scanning 
evcle time. 

3. Designations and Ratings of Cathode-ray Tubes. Cathode-ray 
tubes are designated by a numeral and a letter, followed by the sereen 
designation. ‘The numeral signifies the diameter of the screen in inches, 
and the letter the order of development. For example, the Type 5BP1 
tube has a 5-in. screen of Pl phosphor. A similar tube using P4 phosphor 
is designated as ‘Pype 5BP4. Table 1 gives a list of cathode-rav tubes 
commonly used in radar together with their ratings. 


TABLE 1. Ratines oF Typical CATHODE-RAY Fuses Usep 1n RADAR INDICATORS 





| 










Marrmum voltage ratings* | Typical operationt 
Focus and —_—— — —-— = 
Type deflection : | | 
Winaiioe Kez or | Koi. or : Koo or | Hor. or Mer for Deflection 
Eo, | ea, Kei, volts Eo, | See. resual factor, 
volts volts volts volts cutoff, volts volts/in. 
BBP 1 Electrostatic § 2,200 | 1,100 | Never 2 000 yay —60 + 50% | 200 + 20% 
positive 
shales t Electrostatic | 2,200 | 1.100 | Never 2,000 575 —60 + 50% | 250 + 20%§ 
positive 
SBP) Klectrostatic 2,200 | 1,100 | Never 2,000 450 —40 + 50% | 84 + 17% 
| positive 
5eGr it Electrostatic 2.200 7 1.100 } Never 1,500 431 —15 + 50%] 55 + 208 | 


oats E 
positive 


Hele 
TBP7T Magnetic Never 7,000 250 45 + 25% 
1207 positive ~ — 20% 





* All voltages are measured with respect to cathode. 

ft All tubes listed operate with heater voltage of 6.3 volts. 

t Has an auxiliary high-voltage anode. Maximum voltage rating is 4,400 volts. 
§ With auxiliary high-voltage anode at 4,000 volts. 

|| With auxiliary high-voltage anode at 1,500 volts. 


4. Data Presentation by Means of Cathode-ray Tubes. ‘The three 
basic methods of presenting radar data by means of cathode-ray tubes, 
described in Art. 3, Chap. I, are Type A, Type B, and plan-position (Lype 
P) indication. In Type A indication, only the range of the object 
detected is indicated on the screen, but in Types B and P, the two 
coordinates available on the screen of a cathode-ray tube are used to 
indicate both range and azimuth. ‘To describe completely the position 
of a reflecting object, three coordinates are required. Which two of these 
three coordinates are of greatest importance depends upon the applica- 
tion. Therefore, many different ways of presenting data have been 
developed to display different pairs of coordinates in a varicty of forms. 
Some of the displays provide rough indication of a third coordinate. 
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big. 6. Types of data presentation. 


Sketches of a number of indi ator presentations are drawn in Fig. 6. 
The Types J, Ix, LL, M, and N presentations are modification of the basic 
Type A display, and the Types C, D, KE, H, and I are modifications of the 
basic Type B and Type P displays. The first group employs deflection 
modulation of the indicator beam and has the advantage that the circuits 
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required are generally simpler than those required for the second eroup mM 
Which intensity modulation is employed. Additional advantages of the 
presentations employing deflection modulation are (1) their adaptability 
to accurate methods of measuring range and angle and (2) their superi- 
ority In making echo signals vistble in the presence of strong interference. 
The displays employing intensity modulation have the great advantage of 
presenting data in more convenient and more easily interpreted form. 

The two forms of ‘Type I! presentation may be compared with the Type 
Band ‘Pype P presentations of range and azimuth. The form in the left- 
hand diagram compares with Type B vertical displacement is propor- 
tional to elevation angle. Therefore, a constant-altitude line in the dis- 
play appears to be lower at increased ranges. This distortion is avoided 
in the form of Type li presentation shown in the right-hand sketeh, where 
the range trace is turned through an angle dependent on the elevation 
angle m the same way that the range traee is turned through the azimuth 
angle in plan-position indication. The vertical coordinate for this dis- 
play is elevation distance, and therefore the name range-height indication 
is often apphed. 


B. SWEEP-VOLTAGE CIRCUITS 


Electrostatic cathode-rav tubes require that varying voltages be 
apphed to the deflection plates to cause motion of the luminescent spot on 
the screen. ALost electrostatic tubes are used in deflection-modulated 
indicators: the signal voltage from the receiver 1s applied to one pair of 
deflection plates, and a range-sweep voltage 1s apphed to the other pair of 
plates to move the spot at a constant rate during the interval of echo 
reception. Cirewts for the generation of range-sweep voltages are the 
subject of the following articles. 

5. Basic Type A Indicator. The diagram of Fig. 7 1s an example of 
an elementary Type A indicator circuit. The cathode-coupled multi- 
vibrator (Art. 15, Chap. IT) is triggered at the time of the transmitted 
pulse and generates (1) a negative gate pulse that serves to cut off the 
saw-tooth-generator tube for a time corresponding to the maximum range 
desired and (2) a positive pulse that 1s applied to the grid of the cathode- 
ray tube as an intensifving pulse. The saw-tooth generator (Art. 5, 
Chap. IJ) provides a nearly linear rising voltage which is then amplified, 
inverted, and applied to the left horizontal-deflection plate to produce a 
deflection of the beam to the nght. Positive video signals at the receiver 
output are applied to the top vertical-deflection plate and cause upward 
deflections to appear along the sweep trace at distances from the trans- 
mitted pulse proportional to the ranges of the targets. Provision is made 
for positioning the pattern by adjusting the direct-voltage component of 
both the sweep and the signal waveforms. Clamper tubes (Art. LO. 
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Chap. II) keep the pattern in the desired position despite changes 1n the 
average value of the sweep or signal voltages. 

The sweep amplifier in the circuit of Fig. 7 is necessary in order to 
obtain a reasonably linear sweep voltage of sufficient amplitude to deflect 
the beam across the tube. To obtain a very nearly hnear rise of voltage 
from the saw-tooth generator, the time constant #.C must be made large 
so that the amplitude of the saw tooth is only a small fraction of the plate 
supply voltage. Such a low-amplitude saw tooth must be amplified 
before it can be used to deflect the beam of the eathode-ray tube. Tor 
example, suppose in Fig. 7 that Hy» is 400 volts. A typical value of 
deflection factor for a 5-in. cathode-ray tube is 60 volts per in., so that, 1 
80 per cent of the screen diameter is used, the required sweep-voltage 
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Fie. 7. Circuit diagram illustrating principles of Type A indicator circuit. 


amplitude is about 240 volts for full-scale deflection. If the amplification 
of the sweep amplifier is 12, the voltage change required across C, the 
sweep capacitor, is 20 volts. Since 20 volts is only 5 per cent of 4a, the 
capacitor charging curve is nearly linear, and the time constant AC must 
be about 20 times the sweep duration. The nonlinearity of the sweep 
provided by such a circuit results mainly from distortion in the amphfer 
rather than from the exponential nature of the sweep-capacitor charging 
transient. 

The need of a sweep amplifier may be eliminated by using a very high 
plate supply voltage (say several thousand volts) to generate the 240-volt 
saw tooth. This method has the disadvantage of requiring high-voltage 
power supplies and high-voltage insulation for parts of the sweep circuit. 
More frequently, the special circuits described in Art. 6 are employed to 
produce a linear sweep voltage. Other modifications of the basic circuit 
of Fig. 7 include the use of a push-pull rather than a single-ended output 
circuit to reduce the defocusing of the beam (Art. 1, p. 220). Also, in 
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some circuits a pulse from the sweep-generator circuit is fed back to the 
multivibrator to terminate the negative gate pulse when the sweep voltage 
reaches a specified value. This feedback climinates the need for changing 
capacitors in the multivibrator circuit when the range scale is changed. 

6. Methods of Improving the Linearity of Sweep Voltages. Gencrat- 
Ing a sweep Voltage of better linearity than that produced by the circuit of 
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Fig. 8. Use of grid-to-plate capacitor connection to improve linearity of sweep amplifier. 


Fig. 7 requires that distortion resulting from nonlinear tube character- 
istics as well as curvature caused by an exponential charging curve be 
avoided. Several circuits that are widely used in radar indicators intro- 
duce httle distortion of either form and yet do not require an especially 
high plate supply voltage. 

Sweep Capacitor Connected betweenGridand Plate. If thesweep capacitor 
Cin Fig. 7 is moved to the position shown in Fig. 8A, the sweep-voltage 
distortion caused by amplifier-tube nonlinearities is greatly reduced. ‘To 
gain an understanding of why the connection improves the sweep lin- 
earity, consider first the amphfier portion of the circuit, as shown in 


Fig. 8B. 
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The amplifier plate-to-cathode voltage e2 for various values of grid-to- 
cathode voltage e.2 may be found from a 20-K load line drawn from 285 
volts on the plate characteristics of the Type 6SN7 tube. The values 
obtained are plotted in Fig. 8C. If the sweep voltage at the grid is 
exactly linear, then the waveform of e:2 during the sweep is a replica 
of the curve in Fig. 8C. This curve, therefore, shows the distortion of 
the sweep produced by the amplifier when the sweep capacitor is 
connected between grid and ground, as in Fig. 7. 

The curve of é,2, as a function of the grid-to-plate voltage e; = €.2 — és, 
can also be plotted for the amplifier of Fig. 8B by means of the plate 
characteristics. This curve is shown in Fig. 8D. Note that it 1s a much 
more nearly linear curve than that of Fig. 8C. For example, with a 150- 
volt change in @. the curve departs from linearity by about I volt. Con- 
sequently, if e; can be made to vary linearly with time, a nearly linear 
sweep will be produced at the plate of V». 

An almost linear variation in e,; is obtained by connecting the sweep 
capacitor between the grid and the plate of V». The change in eé2 
required to produce a given amplitude of sweep voltage at the plate of |’. 
is the same whether the sweep capacitor is connected between grid and 
eround or between grid and plate. Because this required voltage change 
is small compared with the plate supply voltage of 71, the current through 
R.y, and hence the charging current for the sweep capacitor, is essentially 
constant during the sweep. Therefore, with the grid-to-plate sweep- 
capacitor connection, é€, varies almost linearly with time, and the sweep- 
voltage waveform is a replica of the nearly linear curve of Fig. 8D. Note 
that e, can change by a large amount during the sweep without an 
appreciable change in the charging current, because most of the change 
of e, occurs at the plate rather than at the grid of V>. 

Another effect is produced by the capacitor connection of Fig. 8-1. 
Because the voltage es. drops by A volts when e,2 rises by | volt (where + 
is the amplification of V2), the changes of e, are (A + 1) times as great as 
those of ¢.2. Therefore, for a given charging current to produce the same 
rate of change of ¢.2, a capacitor between grid and ground must be (4 + 1) 
times as large as a capacitor between grid and plate. Thus effect has no 
influence upon sweep linearity-—a smaller capacitor must be used between 
grid and plate than between grid and ground in order to maintain the 
correct sweep amplitude. <A similar multiplication of capacitance 
between grid and plate occurs in any triode amplifier and is often called 
the J/aller effect. The erid-to-platé interelectrode capacitance 1s equiv- 
alent to a larger capacitance between grid and cathode. 

The effective amplification of capacitance is sometimes used to advan- 
tage in special devices where sweep durations of the order of minutes are 
required. The sweep capacitor is connected from the grid of the first 
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stage to the plate of the last stage of a cascade amplifier having an odd 
number of stages. When connected in this manner, a small capacitor 
produces the same effect as one several thousand times as large connected 
between grid and ground. Use of a prohibitively large grid-to-ground 
sweep eapacitor is thus avoided. 

Bootstrap Sweep Cirewit. A second eircuit for improving the lnearity 
of asweep voltage is drawn in Fig. 94. The name bootstrap 1s sometimes 
applied to it beeause the rising sweep voltage across C is coupled through 
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a cathode follower (tube V2) and a larger capacitor (C,) to the high- 
voltage end of the sweep resistor (??,). Thus, when V, is cut off by a 
negative gate pulse to produce the sweep, both ends of resistor I, rise in 
voltage by nearly the same amount and the voltage across I, remains 
essentially constant. As a result, the current through ?,, which is the 
charging current for C, is very nearly constant throughout the sweep 
interval; and the sweep voltage is therefore nearly linear. The diode V3 
is employed in order that the voltage applied by C. to Ry, may rise above 
the plate supply voltage during the sweep period. At the end of the 
sweep, tube I)’; conducts and discharges capacitor C. The diode main- 
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tains the voltage e; at the junction of R, and C, essentially equal to Hes 
between sweeps. 

Waveforms for this circuit are drawn in Fig. 9B for the circuit-element 
values indicated in Fig. 94 and a 10,000-yd (61-us) sweep. ‘The wave- 
forms may be calculated as follows: Between sweeps the grid voltage éc1 
of V, is held at approximately +1 volt by the positive-grid-return con- 
nection. The corresponding plate voltage ¢1, which may be determined 
from point A on the 250-K< load line in Fig. 9C, 1s 2 volts. <A trial-and- 
error process may be used to locate the operating: point of tube V2 on the 
90-K load line (point B in Fig. 9C). At point B, the plate current of tube 
V. is 0.85 ma, and therefore e, = 0.85 X 20 = 17 volts. Because the 
voltage across diode V3 is negligible, e: = 300 volts. 

When V;, is cut off, the initial value of the charging current for the 
sweep capacitor is 7 = (300 — 2)/250 = 1.19 ma, and the initial rate of 
rise of ¢; is therefore i/C = (1.19 X 107*)/0.0005 = 2.38 volts per us. 
If the amplification of the cathode follower were unity, and if the voltage 
across C, did not change during the sweep, this rate of change would be 
maintained throughout the 61-us sweep interval. Thus éo1, éx, and e, 
would each rise by 61 X 2.38 = 145 volts, as indicated by the dashed 
curves in Fig. 9B. 

Actualty, the amplification of the cathode follower 1s less than unity, 
and the voltage across C, decreases because it discharges shghtly during 
the sweep. Both of these effects tend to decrease the voltage across Ry 
at the end of the sweep. ‘Therefore, the slope of the sweep saw tooth 
decreases toward the end of the rise, as indicated by the sohd curves in 
Fig. 9B. The curvature is in the same direction as that obtained in the 
simple sweep circuit with the charging resistance returned to Hy, but is 
less 1n amount. 

The curvature of the sweep waveform resulting from a cathode-follower 
amplification A is the same as that which would result if the sweep 
capacitor were charged through a resistance equal to ft, /(1 — A). 
Because A is less than unity, voltage changes at each end of resistor /t, are 
unequal. An increase of ¢1 by an amount Aep: causes €) LO change by an 
amount AAé:; therefore, the change in current through /¢; 1s 


’ A€p1 a AAC» 
te See ae 
Ry 
This equation may be written 
A; 
ee: 
il, ie 


which form indicates that the effective incremental resistance of the 
charging-current path is multiplied by the factor 1/(1 — A). 
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The advantage of the bootstrap cireuit over the conventional saw- 
tooth-generator circuit is that the initial slope of the sweep-voltage wave- 
form is determined by the relatively low charging resistance 2, while the 
curvature of the sweep depends upon the much higher value Rz/(1 — A). 
Therefore, a larger sweep amplitude ean be obtained with a given plate 
supply voltage without excessive nonlinearity. 

Sweep Integrating Circuit. A further improvement of sweep linearity 
ean be obtained if the sweep capacitor in Fig. 94 is divided into two parts 
and a feedback resistor Ry added, 
as in Fig. 10. The rising voltage 
ex is applied to the integrating cir- 
curt. composed of Ryand Cy. The 
resultant rising waveform at. point 
A is concave upward, because 
capacitor Ce. is charged at an 
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increasing rate as the sweep 
progresses. ‘The concave-upward ae 
voltage across C2 adds to the volt- 
age aeross C,, which is concave 
downward because of the decrease 
of current in 2, during the sweep. ma 
If the value of R; is correctly Fie. 10. Integrating circuit added to boot- 
chosen, the two curvatures very “*"*P Sweep generator. 

nearly cancel in the sum of the two voltages, and the output voltage 
waveform is extremely close to linear. 

Where the circuit of Fig. 10 is required to operate at different repetition 
rates to provide several different sweep lengths, a diode clamper tube is 
often placed in parallel with the feedback resistor to discharge the 
mtegrating capacitor quickly after the sweep. This ensures that the 
integrating-capacitor voltage at the beginning of the sweep is always the 
same, regardless of the maximum range or pulse repetition rate uscd. 

Constant-currené Tubes. Sometimes a tube is used instead of a resistor 
to charge or discharge a capacitor and produce a saw-tooth waveform. 
The saw tooth thus produced is essentially Hnear because the tube is 
operated so that its plate current is maintained constant, despite the 
changes of plate voltage that occur during the sweep. One example of a 
constant-current tube is a pentode operated above the knee of the plate 
characteristics where the current is nearly independent of the plate 
voltage. A second example ts either a triode or a pentode with its grid 
connected to the negative end of a large cathode resistor. Such a tube 
draws an essentially constant current, because any tendency of the plate 
current to change alters the grid voltage in such a way as to oppose the 
change. 
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7. Phase-inverter Circuits. Sweep voltages are usually applied to the 
deflection plates of electrostatic cathode-ray tubes in push-pull because of 
the defocusing effects that result when the sweep voltage is apphed to 
only one plate of a pair. ‘To obtain push-pull sweep voltages, a phase- 
inverter circuit is used. Four 
types of phase-inverter circuits 
Ji Common in radar indicators are 
OUTPUT as follows: 
ia a Attenuator and Amplifier. ‘The 

circuit of Fig. 11 uses two iden- 

tical amplifiers coupled by a volt- 

ave divider consisting of Ay and 

Eye Ro». Asmall rise in voltage at 

| the grid of V; causes a large drop 

z a in plate voltage which is applied 

ae Attenuator-and-amplhfier phase to.one wh UMS erento plates. 

Voltage changes at the plate of 

V, are also coupled through the voltage divider to the grid of V2. ‘Lhe 

values of R,; and PR,» are chosen so that the attenuation of the voltage 

divider equals the amplification of V2. Plate-vollage changes of V» then 
have the same magnitude as those of Vi, but are of opposite polarity. 

Often a small capacitor is placed in parallel with A; to make the 
voltage-divider ratio independent of the frequency of the Fourier com- 
ponents (sce Art. 2, Chap. V1) of sweep- 
voltage waveform. Resistances /?; and 
PR,» determine the division ratio for the 
low-frequency components, while the 
capacitance voltage divider, consisting 
of C, and the input capacitance of JVs, 
controls the division ratio for the high- 
frequency components. If the two 
voltage-division ratios are made equal, 
all Fourier components of the voltage 
are attenuated in the same ratio and 
no distortion of the input voltage for 
Vo is caused by the voltage divider. 

This form of phase inverter has the disadvantage that the sweep- 
voltage waveform is distorted not only by nonlinearities of tube }; but 
also by nonlinearities of the inverter tube lis. 

Single-lube Phase Inverter. s A phase inverter that uses both plate and 
‘athode load resistors is drawn in Fig. 12. In this circuit a rise in voltage 
applied to the grid causes a rise in voltage at the cathode and a drop in 
voltage at the plate. Resistors 2; and ?; are made equal; therefore, the 
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hie. 12. Single-tube phase inverter. 
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plate current. of the tube produces equal-magnitude voltages across the 
resistors, and the two output waveforms are of equal amphtude. The 
amphheation of the circuit, from input to either output terminal, is less 
than unity beeause, as in a cathode follower, the eathode-voltage change 
must. be less than the change of erid-to-ground voltage. This phase 
verter has the disadvantage that the maximum amplitude of cach out- 
put signal can be only half as great as the maximum amplitude of the 
output from an ordinary amplifier operated from the same plate supply 
voltage. 

Self-balancing Phase Inverter. ‘Che phase-inverter circuit of Fig. 13 is 
used with the sweep-generating eireuits of Figs. 9 and 10. Tube Vy is 
the cathode follower of the sweep-generating circuit, and tube Ve» is an 
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Fig. 13. Self-balancing phase inverter. 


inverting amplifier like tube \.in Fig. 11. A special balancing circuit 1s 
used instead of an attenuator to supply the input voltage to tube V» with 
the result that distortion of the sweep voltage caused by the inverting 
tube is greatly reduced. 

Voltage e.; at the cathode of V7, 1s a positive-going saw-tooth wave and 
is applied to one of the cathode-ray-tube deflection plates. The voltage 
Crono at the plate of WV» is applied to the other deflection plate. In order 
that a push-pull sweep voltage may be obtained, the wave of en2 must be 
a negative-going saw tooth equal in amphtude to the wave of cgi. ‘The 
evid-voltage wave @ene should therefore be a positive-going saw tooth; and 
if, for example, the amplification of V2 is 10, the amplitude of the grid 
wave of V_. should be one-tenth that of the plate wave of V2 and cathode 
wave of Vy. 

One method of obtaining the desired grid voltage would be to open- 
circuit capacitors C, and C2 and use resistors /#t and /?,2 as a 10:1 attenu- 
ator, exactly as in the circuit of Fig. 11. Although such a circuit is some- 
times used, this type of connection causes excessive attenuation of the 
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high-frequency components of the saw-tooth wave (because of the input 
capacitance of V2), and nonlinear amplification by tube V2 causes addi- 
tional distortion of the sweep waveform. 

Another method of obtaining the desired wave of ¢.nz would be to open- 
circuit resistor 22 and use capacitors C, and C2 asa voltage divider between 
ex, and Cyno. If ex: rises by 150 volts during the sweep, ¢sn2 should fall by 
150 volts; and the capacitor sizes must be so chosen that the voltage ¢rns 
at point A rises by 15%» = 15 volts if the gain of V2is 10. The voltage 
across capacitor C, must therefore change by 150 — 15 = 135 volts 
during the sweep, and the voltage across (2 by 150 + 15 = 160 volts. 
If R,2 is so large that its current causes negligible change of capacitor 
charge during the sweep, then the capacitance values must be inversely 
proportional to the desired voltage changes, or Cy/C2 = 165465. ‘Thus 
the capacitances might be C; = 330 wuf and C2, = 270 uf, as indicated in 
the figure. In general terms, if A is the amplification of tube V2 and 
AE the change of ex: or @sn2 during the sweep, the required change of 
voltage across C; during the sweep is AH(1 — 1/A), and that across 
C.is AE(1 + 1/A); and therefore the capacitance ratio should be 
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The reason for connecting C; and C, as in Fig. 13, instead of forming a 
10:1 attenuator for e,; as in Fig. 11, is that the cathode-to-plate connec- 
tion provides a self-balancing action that tends to maintain ei: and Cyne 
equal in amplitude despite changes in amplification of V2. If the output 
of V2 decreases, the amplitude of the voltage wave at point A zncreases, 
thus increasing the input to V2 and opposing the decrease of the output. 
Consider, for example, the loss of amplification that is necessary to reduce 
the amplitude of the és,2 wave from 150 to 140 volts. A decrease of 
Cong Of 140 volts during the sweep and a rise of ex: of 150 volts cause the 
voltage across C to change by 

20) 


The corresponding rise of ¢en2 is 150 — 130.5 = 19.5 volts, and the 
amplification of Ve is 140/19.5 = 7.18. Thus a loss of amplification of 
(10 — 7.18)/10 = 0.282, or 28.2 per cent, causes the output voltage to 
decrease by only (150 — 140)/150 = 0.0667, or 6.67 per cent. ‘The self- 
balancing effect produced by the capacitors not only equalizes the over-all 
amplitudes of the sweep waveforms but also tends to correct the wave- 
form of @n2 at each point along the saw tooth. In this way, distortion of 
the yn. Waveform caused by nonlinear amplification of tube V2 1s greatly 
reduced. 
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Capacitors CC, and Cz. must, be fairly small, because they affect the 
‘athode-follower operation in the same Way as would a capacitance 
shunted across Ri: that. is. they attenuate the high-frequency com- 
ponents of the sweep waveform. At the same time, C; and C2 operate 
with Ay. as an R-C coupling circuit: and because of the small size of the 
capacitors, low-frequeney components of the wave supphed to the erid of 
1's would be attenuated if RP were open-circuited. In terms of the actual 
sweep waveform, current in ?o2 would cause some change of the capacitor 
voltage, with the result. that ec. would rise along an exponential curve 
during the sweep, falling more and more below the desired straight line as 
the sweep progresses. Furthermore, with 7? open-circuited, the average 





Fic. 14. Cathode-coupled phase inverter. 


voltage across /?j2 would be zero; and, therefore, the value of écn> between 
sweeps would change when the sweep duration changed. ‘To prevent 
these effects, the actual circuit emplovs both the self-balanecmg capaci- 
tance divider (C; and C2) to supply the high-frequency components of 
Cena ANd the resistance divider (? and 2) to supply the low-frequency 
and d-c components of ¢cnz. As im the compensated voltage divider of 
Fig. 11, the ratios of the two dividers (measured from ex; tO ene) Must be 
equal in order that all the Fourier components of the waveforms may be 
attenuated by the same amount. 

Instead of capacitors C; and (.s, a resistance voltage divider is some- 
times connected between the cathode of ; and the plate of V2, and the 
connection from point A to the grid of V2 1s made through a coupling 
capacitor. The self-balancing action of such a circuit is essentially the 
same as that obtained with a capacitance voltage divider. 

Cathode-coupled Phase Inverter. In the phase-inverter circuit of Fig. 14, 
a rise of voltage at the grid of V; produces a small rise in the cathode 
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voltage and a large drop in the plate voltage. A negative-going sweep 
voltage is therefore obtained at the plate of V1. The change in cathode 
voltage is the effective input signal of V2. ‘This signal makes the grid-to- 
cathode voltage negative and causes a large rise in voltage at the plate of 
V.. The positive-going half of the push-pull sweep 1s thus obtained at 
the plate of V¢. 

The gain from the input to either output terminal is approximately 

one-half the gain that V, would have if its cathode were connected to a 
fixed bias voltage. Consider first that Ry = 0 and that V1 1s operated 
with a fixed negative bias. The amplification of 17, has a value deter- 
mined by the magnitude of the plate load resistor, and the amplification 
of Vois zero. Ifthe value of 2; is now increased until the erid-to-cathode 
signal voltage of V7; is one-half its original value, the gain of this stage 
will be reduced by a factor of approximately one-half. However, the 
erid-to-cathode signal voltage of V2 is now equal to that of V1, with the 
result that two output voltages are obtained, each of which has an ampli- 
tude of approximately one-half the output of a single tube operating with 
a fixed bias. Since changes in plate current are in opposite directions m 
the two tubes, any change in cathode voltage requires that the two plate- 
current changes be unequal in magnitude. Equal output voltages at the 
plates of the tubes can therefore be obtained only by making (ze larger 
than R11, or by using only part of the output available from the plate of 
Vi. 
Where the cathode-coupled type of phase-inverter circuit 1s used, the 
deflection plates of the cathode-ray tube are often connected directly to 
the plates of V; and Ve. Thus the between-sweeps plate voltages of Vy 
and V. determine the starting point of the sweep on the screen. ‘The 
between-sweeps voltages may be controlled by connecting the orid of 
V.toa source of variable direct voltage, as shown in the figure. Varying 
the erid-to-ground voltage of V2 has opposite effects on the between- 
sweeps voltages at the plates of 1) and V2 for exactly the same reason 
that the saw tooth applied to the grid of 1’; produces opposite-polarity 
waves at the plates of ; and Vy. Potentiometer Rs can therefore be 
used to control the position of the sweep on the indicator screen. Because 
of resistor Rz, a signal applied to the grid of ezther tube causes an output 
voltage at the plates of both tubes. In Fig. 14 the alternating compo- 
nents of the desired output wave are applied to the grid of Vi, and the 
direct component to the grid of Vz. Both alternating and direct compo- 
nents appear in each plate-voltage waveform. 

Rheostat 2, controls the effective plate supply voltage for the circuit 
and permits the average voltage of the deflection plates with respect to 
the second anode to be varied. Rheostat PR; can therefore be used as an 
astigmatism control (see Art. 1, p. 219). The positioning of the pattern 
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is not affeeted by this adjustment because the direct-voltage level of both 
waveforms ts changed by the same amount and in the same direction. 

Some radar sets employ the cathode-coupled phase inverter to supply 
video signals together with range markers, a range step, or other auxiliary 
voltages to the vertical-deflection plates. When this tvpe of presenta- 
tion is desired, the echo signals are applied to the grid of one of the phase- 
mverter tubes and the auxihary voltages are apphed to the grid of the 
other tube. Because of the common eathode resistor, a mixture of all 
signals appears at each amphfier-tube anode. 

8. Delayed Sweeps and Expanded Sweeps. When long-range sweeps 
are used, accurate measurement of range becomes impossible because very 
small increments of range cannot be observed. The accuracy with which 
small range differences ean be observed its increased if a small seetion of 
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ig. 15. Typical circuit for providing a delayed sweep. 


the sweep 1s expanded to cover the full length of the screen (see Chap. J, 
p. 29). Figure 15 ilustrates the essential elements of a circuit that 
expands the latter portion of a range sweep. 

The linear saw-tooth generator may be any of the circuits described; 
however, the bootstrap circuit 1s most commonly employed. The 
cathode of the pick-off diode 17, 1s maintained at a positive direct voltage 
determined by the position of the tap on R. At the time of the trans- 
mitted pulse, the plate voltage of V, begins to rise linearly. However, 
tube V, does not conduct until sufficient time has elapsed for its plate 
voltage to rise above its cathode voltage (compare the diode step-gen- 
erator circuit of Art. 12, Chap. II). As shown in the diagram, V, con- 
ducts at time ¢; and impresses a rising voltage upon the input of a two- 
stage overdriven amplifier and peaker circuit. The output of the peaker 
is a sharp positive pulse at time ¢;.. This pulse 1s used to trmgger the 
range-gate generator which supphes to the sweep generator a negative 
gate pulse of duration equal to the desired expanded-sweep duration. 
The sweep generator, therefore, provides a sweep delayed by a time 
ty — to relative to the transmitted pulse. 
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The voltage-divider device /? may be either a potentiometer or a 
stepped voltage divider. When a potentiometer is employed, 1t 1s some- 
times helically wound to give a relatively small change m resistance for a 
large angle of rotation of the shaft. he delay time in yards is usually 
read from a calibrated dial attached to the shaft. In order to make the 
dial read correctly, two adjustments are required. With the range-delay 
dial set on zero, the cathode voltage of 7; 1s adjusted by means of fy 
(called the zero control) so that the indicator sweep begins at the time of 
the transmitted pulse. Then the range-delay dial is set on the maximum- 
delay point, and the starting time of the indicator sweep is adjusted by 
means of fe (called the slope control) to give the delay indicated on the 
dial. Range markers are commonly used to measure the delay time. 
Because the two calibrations are not independent, successive adjustments 
of Ry and Re must be made to obtain the correct settings. 

Where a stepped voltage divider is used, taps are provided to indicate 
definite delay intervals—such as 10,000 yd, 20,000 yd, and so on. 

In a variation of the circuit of Fig. 15, the linear-saw-tooth generator, 
pick-off diode, and cahbrated voltage divider are replaced by either a 
cathode-coupled multivibrator or a phantastron delay circuit. The delay 
may be varied when using the cathode-coupled multivibrator by changing 
the direct grid voltage of the normally off tube (Art. 15, Chap. II) and in 
the phantastron by use of a control diode (Art. 16, Chap. IJ). 

9. Indicators Used with Antenna Switching. Antenna switching is 
ordinarily employed only in uhf radar equipment where antenna beams 
are broad and a means of improving angular accuracy is essential. The 
narrow beams obtained in microwave sets provide sufficient accuracy for 
most purposes if the antenna position for maximum echo strength is used 
to indicate direction. For high-accuracy applications, such as fire con- 
trol, microwave sets are used either with antennas that produce exceed- 
ingly sharp beams or with conical sean (generally used in automatic- 
tracking sets). 

One example of antenna switching used in a uhf radar system is indi- 
cated by Fig. 16. The two Yagi antennas (see the discussion of these 
in Art. 12, Chap. XIII) are oriented so that the axes of their beams are 
in the horizontal plane but separated in azimuth by an angle about equal 
to the beam angle. ‘The dependence of the intensity of signals from each 
antenna on azimuth angle is indicated by the radiation patterns! in Fig. 
16. Switching is necessary because the beams from these antennas are 
rather wide—the beam angle maybe | Lo to a0 aes. 

A motor-driven switch alternately connects each of the two antennas 
to the receiver input. The video signals from the receiver output are 
switched at the same time, so that signals received by one antenna are 





' For a discussion of radiation patterns see Art. 5, Chap. XIII. 
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apphed to one deflection plate and signals from the other antenna arc 
applied to the opposite plate. When a range-sweep voltage is impressed 
upon the other set of plates, echo signals cause deflections to both sides 
of the range trace, and a Type L presentation is produced. The antenna 
assembly can be rotated tn azimuth and is “on Lareet’’ when the taro 
signal deflections have equal magnitudes. The switching rate ts usually 
considerably less than the pulse repetition frequency, so that several echo 
pulses are obtained in each position of the switch, vet it ts high enough to 
prevent noticeable fheker of the image on the indicator screen. 

A separate transmitting antenna having a broad beam directed midway 
between the beam axes of the two receiving antennas may be used in the 
system of Hig. 16. The azimuth accuracy is then determined by the 
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hic. 16. Block diagram of circuit connections for Type L presentation. 


sharpness of the receiving-antenna patterns. Another possibility is to 
employ a t-r device (Arts. 10 to 14, Chap. XII) so that the antennas of 
Fig. 16 may be used for both transmission and reception. Transmitter 
and receiver are switched simultancously from one antenna to the other, 
and the directional properties of the antennas are used in both trans- 
mission and reception. 

Several of the functions of the antenna-switching system of Fig. 16 
may be carried out in different ways. Three possibilities are illustrated 
in Fig. 17. (1) Instead of two antennas having different orientations, a 
single antenna is used, and the position of the main lobe of the radiation 
pattern is shifted by changing the connections to the antenna. (2) 
Instead of a motor-driven mechanical switch, an clectronic switching 
method is employed; the square-wave generator causes the two r-f ampli- 
hers to operate alternately. (8) Instead of the Type L presentation of 
signals from the two lobes in a back-to-back display, the Type IX presenta- 
tion is used, and the two sets of echo signals appear side by side. 

The receiving antenna of Fig. 17 iS a uhf broadside array (ig. 6 of 
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Chap. I, p. 9) having two output connections. Radiation pattern A 
applies if echo signals are received from one output connection through 
r-f amplifier A, and pattern B applies if the other output connection and 
amplifier B are used. A separate transmitting antenna 1s emploved. 
Cate pulses from the square-wave generator control the r-f amplifiers so 
that the receiver obtains pulses from the two amplifiers in turn. The 
square-wave frequency is low, and several repetition cycles of the radar 
set occur while each amplifier is operating. 
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Fie. 17. Block diagram of circuits used in obtaining Type K presentation. 


The square wave is applied also to the sweep-amplifier circuit to raise 
and lower slightly the direct-voltage level of the saw-tooth waveform. 
The effect is as though the sweep position control were turned back and 
forth at the switching rate. The position of the sweep trace changes each 
time the signal path shifts from one r-f amplifier to the other, and the 
echo pulses from the two antenna patterns appear side by side. An 
adjustment, the spread control, determines the amplitude of the square 
wave applied to the sweep amplifier and thus controls the separation of 
the signals. ‘lo determine the direction of an object, the operator rotates 
the entire antenna assembly until the two echo pulses obtained from the 
object are of the same amplitude. \’ 

10. Type J Presentation. . A circular sweep trace with radial deflec- 
tions indicating echo signals, as in Fig. 6, 1s required for Type J presenta- 
tion. ‘The transmitted pulse causes a deflection at the start of the sweep, 
usually the top point of the circle, and range is measured by the distance 
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along the circle, ordinarily taken clockwise, from the transmitted-pulse 
deflection to the echo indication. The advantages of Type J over Type 
A presentation are (1) the greater length of the range trace for a fixed 
indicator-tube diameter and (2) the ease with which an accurately linear 
DEFLECTION. DEFLECTION 


CONTROL SECOND PLATES 
GRIO ANOOE | 






HEATER 





CATHODE FOCUSING VERTICAL- DEFLECTION 
ANOOE PLATES HIGH -VOLTAGE 
AUXILIARY 
ANODE 


Kia. 18. Cathode-ray tube used for Twpe J indication. 


range scale may be obtamed—tfor constant speed of the spot, sine-wave 
rather than saw-tooth sweep voltages are required. Ifor high-accuracy 
range determination, two Type J indicators may be used, one bemg an 
expanded presentation of a short seetion from the full range interval of 
the other. 

Tvpe J presentation makes use of an electrostatic cathode-ray tube of 
special design. A pin-shaped eleetrode penetrates the center of the 


screen, as shown in Fig. 18. Sweep 
voltages are apphed to the hori- a 
zontal- and vertical-deflection - eee 
plates and cause the circular mo- 
tion of the spot. Negative volt- 
ages apphed to the center pin (with 
the second anode at ground poten- 
tial) cause an clectric field that 
deflects the electron beam away 
from the pin, thus producing echo 
indications. 

The sweep voltages required to : 
produce the circular trace may be a 
determined from Ig. 19. Vector Fie. 19. Resolution of circular sweep 
OS indicates the displacement of motion into horizontal and vertical com- 

ponents of deflection. 

the luminous spot from the center 
of the screen. Because the spot follows the circular trace at constant 
velocity, the length r of OS remains constant and the angle POS changes 
at a constant rate. If the spot starts from point P at time t = 0 and 
moves clockwise with constant angular velocity w, then the angle POS is wl. 
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The vertical component of the displacement vector OS, which 1s 
produced by the voltage applied to the vertical-deflection plates, 1s 
y =7rcos wt. Consequently, a sinusoidal vertical-deflection voltage 1s 
required. Similarly, a sine wave of voltage must be applied to the hori- 
zontal-deflection plates to produce the deflection x =r sin wt. The 
horizontal and vertical deflections have equal maximum values and are 
90 deg apart in phase. The two deflecting voltages must also be 90 deg 
apart in phase, but of slightly different amplitudes to allow for shghtly 
different deflection sensitivities in the horizontal and vertical directions. 
The production of a rotating vector, such as the displacement OS, by 
adding two sinusoidally varying vectors of constant direction is of impor- 
tance in a number of radar devices.! 

The direction of rotation of OS depends upon whether the horizontal- 
deflection voltage leads or lags the vertical-deflection voltage. The 
deflection voltages are usually applied to the plates in push-pull to avoid 
defocusing effects; that is, when a positive voltage is applied to plate A of 
Fig. 19 (relative to second-anode potential), an equal-magnitude nega- 
tive voltage is applied to plate C. The four deflection-plate-to-anode 
voltages therefore form a four-phase system, with 90-deg phase differ- 
ences between the voltages at A and B, at Band C,and soon. For clock- 
Wise spot rotation in Fig. 19, the phase sequence is .{BCD (voltage at 6 
lags that at A, at C lags that at B, and so on), corresponding to the 90-deg 
lag of the deflection « = 7r sin wf relative to the deflection y = r cos at. 
Thus the spot passes the deflection plates zn the order of the phase sequence, 
ABCD. 

The time for the spot to traverse the circle is the time of one cycle of 
the sine-wave deflection voltages. Thus the frequency required for these 
voltages depends upon the maximum range of the sweep to be used. The 
sweep voltage must be synchronized with the repetition cycle of the trans- 
mitter as in any other form of presentation. Synchronization may be 
accomplished by either of two methods: (1) An intermittent sine wave 
from which the deflection voltages are derived can be generated by a 
ringing circuit. Oscillations in the ringing circuit are started each time 
the transmitter is pulsed and are made to decay rapidly at the end of the 
useful range interval. (2) A contmuously operating sine-wave oscillator 
can be used as master oscillator to time the transmission of pulses and 
also as asweep oscillator to generate the deflection voltages. ‘The second 
method uses simpler sweep circuits but requires that the repetition period 
he exactly equal to or an exact multiple of the range interval. 

11. Ringing Circuit for Type J Presentation. A useful circuit with 
the first timing method is illustrated by Fig. 20. Tube V; and the L-C 
circuit function as a ringing circuit (see Art. 19, Chap. IT); an oscillating 

' For exat™ples, see Art. 22 of this chapter and Art. 18 of Chap. V. 
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or 


voltage 1s obtained across the L-C cireuit during the time V7, is cutoff by a 
negative mput pulse. Tube Ve and the L-C eireuit form a Hartley 
oscillator. The feedback adjustment is made so that. oscillations are 
maintained at constant amplitude while 1, is cutoff but d: amped rapidly 
when Vy conducts. The ringing-circuit voltage is applied through a 


push-pull amplifier to the horizontal-defleetion plates. The same voltage 
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Fic. 20. Range-sweep cireuit for Type J indicator. 


1s shifted 90 deg in phase by an /?-C network, then amplified and apphed 
to the vertical-deflection plates. 

A difference between the ringing circuit of Fig. 20 and the basie one in 
Art. 19, Chap. H, 1s that current initially flows through only half of the 
inductor in Fig. 20, as indicated by the % arrow. The effect of cutting 
off tube current can be explained simply if the two halves of L, which are 
wound on the same magnetic core, are assumed to be perfectly coupled. 
As in the transformer with no leakage Inductance (Art. 20, Chap. II), the 
current in half of Z can change instantly, provided that current mn the other 
half of L makes a simultaneous change so that the total ampere-turns 
remain unaltered. Currents m the two parts of 4 must become equal 
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when the tuhe is cutoff. Because the tap point is at the center of L. the 
untial current of ¢ in one half of L is changed instantly to 157%, in all of io 
in order to maintain the total ampere-turns constant. Trem the current 
hot, the oscillatory voltage across the L-C cireuit can be determined as 
Was done mm Art. 19, Chap. II. Beeause the center point. of 4 is con- 
nected to ground, a push-pull out put voltage is available. The voltage at 
point B (with respeet to ground) is one-half the resonant-cireuit voltage 
and begins with a decrease from zero to a negative peak value, as in the 
simple ringing cireuit. The voltage at point D has the same magnitude 
as that at B but is of opposite polarity. 

A difficulty of this cireuit is that the phase-shifting network operates 
correctly only in the steady state. When oscillations first begin, exponen- 
tiel transients in the R-C network modify the sinusoidal voltages at 
pong 2. Gnd’C of Figs 20. These diansients decay to negligible propor- 
trons during the first cycle of operation. ‘To avoid the effect of these 
transients, the ringing circuit is allowed to generate one cycle of 1ts oscil- 
lation before the transmitter is pulsed. The spot would trace a distorted 
cqucle in (his intemval, but dhe indieakor i blanked so that no trace 
appears. ‘Time relations are indicated by the waveforms of bie Zia ks 
time f, the start of the second cycle of oscillation of the ringing circuit, 
the transmitter is pulsed and an intensifying pulse is applied to the grid 
of the cathode-rav tube. The intensifying pulse causes the spot to 
remam visible during the single circular trace corresponding to the 
second cycle of the ringing oscillation. At time tz, the cathode-ray tube 
is blanked and the ringing oscillation ended. 

Operation of the phase-shifting network during the steady-state condi- 
tions of the second cycle may be explamed if complex numbers are used 
to represent phases and amplitudes of the sinusoidal currents and voltages 
in the circuit.!. The currents through the two branches of the phase 
shifter are represented by the complex numbers J, and 7» (see Fig. 20). 
The voltages with respect to ground at the points A, B, C, and Din Fig. 20 
are represented by the complex numbers //4, 3, Fc, and hip, respectively. 
Instantaneous values of these same voltages are shown as Ca, On, Cc, and ep 
Lipton 2 | 

In Fig. 22, these complex numbers are plotted in the complex plane.? 
The phase of voltage cs is taken as the zero-phase reference, so that /, is 
plotted on the positive real axis and /, along the negative real axis. The 

1 ‘rhe use of complex numbers in sine-wave calculations is explained in most texts 
on a-c circuits. See, for example, Ki. J¢. Staff, M.LT., Eleetric Circuits, 256-336 (John 
Wiley & Sons, Inc., New York, 19-40). 

? Diagrams of this kind are usually called vector diagrams. This name is avoided 
in this book in order that the word vector mav be reserved for quantities such as foree, 
velocity, and electric-field intensity, which heve a direction of action as well as a 


magnitude. 
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total ringing-circuit voltage, which causes the currents J, and I2, is the 
voltage Hz — HM» and isin phase with /z as shown. The currents /; and 
IT, are equal, and each leads the 
voltage Hz — EH, by 45 deg because 
the resistors /2; and FR» are equal, 
and the capacitor reactances \, and 
NV. are made equal to /t; and fe 
- at the frequency of the oscillations. 
The resistor voltages /,Ri and Lele 
are in phase with the currents, and 
the capacitor voltages 1,X, and /2X. 
lae the currents by 90 deg, or 
lag He — Ey by 45 deg. Because 
Tike ee aeict CCl) GaAs 
must Jef. + [2Xe, the resistor- and capacitor-voltage points he on the 
vertical line through sg as shown. Reference to the circuit in Fig. 20 
shows that 





Fre. 22. Complex-nuinber diagram for 
phase-shifting circuit in Fig. 20. 


Ka = Bp + [eke 


and Ec = Ey + I,X,. Thus the additions indicated by dashed lines in 
Fig. 22 are used to locate 4 and Le. 

Figure 22 indicates that voltages ca, és, ec, and én constitute the desired 
set of four-phase voltages. The waveforms of es and ec in Fig. 21 are 
drawn in accord with the relations obtained from Fig. 22. ‘The phase 
sequence is ABCD, and the sequence of the deflection-plate voltages 1s 
A’B'C'D’. Thus the spot moves clockwise around the circle. At the 
start of the visible sweep trace, e4 has its peak negative value, and the 
voltage at deflection-plate A’ in Fig. 21 has its peak positive value. Thus 
the sweep begins beneath plate A’. The amplitude and position controls 
permit adjusting the trace to form a circle with its center at the center pin. 

12. Crystal-controlled Oscillator for Type J Presentation. When the 
second synchronizing method is used, the sweep circuit 1s merely a sine- 
wave oscillator and a phase-shifting network. Often the oscillator 1s 
crystal-controlled to ensure frequency stability and accuracy of range 
measurement. The phase-shifting network can be the same as in Fig. 20, 
but other circuits are often used. Figure 23 shows a crystal-controlled 
oscillator used with a phase-shifting network comprising a three-winding, 
tuned, air-core transformer. 

The oscillator of Fig. 23 is a foxm of tuned-plate tuned-grid oscillator. 
Capacitor C, is connected to the.prifnary of transformer 7’; to form the 
resonant plate circuit. The quartz crystal is a mechanical resonant 
system coupled by the piezoelectric effect! to the electric circuit, and this 


1 See, for example, W. G. Capy, ‘Nature and Use of Piezoelectricity,” Elec. Eing.., 
66 (August, 1947), 758-762, or for a discussion in greater detail, W. P. Mason, 
“Quartz-Crystal Applications,” B.S.7.J., 22 (July, 1943), 178-223. 
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crystal is the tuned circuit. for the grid. Feedback occurs through the 
grid-to-plate capacitance of the tube. The eireuit. oscillates only for 
certam tuning adjustments of Cy, and the oseilation frequency is closely 
controlled by the ervstal. 

The quartz ervstal controls the oscillator frequency more closely than 
would a parallel L-C circuit for two reasons: (1) The mechanieal resonant 
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bic. 23. Alternate range-sweep circuit for Type J indicator. 


frequency of a properly cut crystal is very little influenced by the condi- 
trons of operation, such as temperature. (2) The frequency of oscilla- 
tion 1s always very nearly equal to the frequency of mechanical resonance, 
because of the nature of the crystal equivalent circuit and because the 
mechanical resonance is exceedingly sharp—the Q is very much higher 
than that obtamable with ordinary tuned circuits. 
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Fig. 24. Equivalent crreuit and reactance of quartz ervstil, 


The equivalent circuit for the crystal, drawn in Fig. 24.4, accounts for 
the two components of crystal current. One component, the current in 
the capacitor formed by the electrodes of the crystal holder with the 
crystal as dielectric, is the current through Cy in Tig. 2-44. The other 
part is the result of charges produced on the erystal surfaces by the 
piezoelectric effect. This current component depends upon the mechan- 
ical resonance of the ervstal and 1s represented in Fig. 24.1 by the current 
In a circuit tuned to the mechanical resonant frequency. 
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The plate and grid circuits of a tuned-plate tuned-grid oscillator have 
inductive reactances at the frequency of oscillation, and the sum of these 
reactances resonates with the grid-to-plate capacitance.' The circuit of 
Fig. 23 must therefore oscillate at a frequency for which the crystal 
reactance is inductive. The crystal reactance is plotted as a function of 
frequency? in Fig. 24B. At low frequencies, the reactances of both 
branches of the equivalent circuit are capacitive. At frequency f., the 
series-tuned branch resonates and is effectively a short circuit, thus 
making the over-all reactance zero. Ata somewhat higher frequency fp, 
the series-tuned branch has an inductive reactance equal in magnitude 
to the capacitive reactance of Cy, and parallel resonance is obtained. 
Between f, and f,, the inductive reactance is lower than the capacitive 
reactance, and the parallel combination of the two reactances is inductive. 
Above f,, the reverse is true, and an over-all capacitive reactance 1s 
obtained. Only at frequencies within the range between f; and f, is the 
crystal reactance inductive, and only at these frequencies is oscillation 
possible for the circuit of Fig. 23. 

The crystal controls the oscillator frequency accurately for one reason, 
because capacitor Cy in Fig. 244A is very much larger than C,,, so that f> 1s 
only slightly higher than f, and the range of inductive reactance 1s small. 
Additional accuracy of control is obtained because oscillation is possible 
over only a part of this range, for example, between points A and B in 
Fig. 24B. If capacitor C, in Fig. 23 is adjusted to increase the plate- 
circuit inductive reactance, the grid-circuit reactance and the frequency 
of oscillation decrease as the point of operation in Fig. 244 moves toward 
A. At points below A, the grid-circuit reactance is too small to provide 
feedback voltage sufficient in magnitude to sustain oscillations. Ad)ust- 
ment of C, to decrease the plate-circuit inductive reactance moves the 
operating point toward B and increases the oscillation frequency. Point 
B is located at the frequency for which the grid-circuit inductive reactance 
resonates with the grid-to-plate capacitance. Higher frequencies of 
oscillation are impossible. Capacitive plate-circuit reactance would be 
required, and the feedback voltage would have the wrong polarity to 
sustain oscillations. 

Sinusoidal voltages are produced across the primary and two secondary 
windings of transformer 7’; in Fig. 23. By adjustment of capacitors C2 
and (3, the secondary voltages ean be made equal in amplitude and 90 deg 

(The principles of Art. 2, Chap. X, canbe applied to the analysts of the tuned-plate 
tuned-grid oscillator by methods analogous to those employed in Art. 4, Chap. NX, for 
the plate-return oscillator. By this means, the resonator of a tuned-plate tuned-grid 
oscillator may be shown to comprise the grid-plate capacitance shunted by a sertes 
combination of inductive reactances representing the plate and grid circurts. 


2 Reactanee curves of this kind are studied in considerable detail m Chap. IX. 
see especially Arts. 6 and 7. 
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apart in phase. Phase and amphtude relations may be determined from 
the equivalent. circuit. and complex-number diagram of Wig. 25. For 
simplicity, 1:1: 1 turns ratios are assumed, and ideal transformers are 
omitted from the equivalent circuit. ‘The equivalent circuit is like the 
pulse-transformer equivalent in Art. 20, Chap. I, except that the circuit 
of the third winding is added. For air-core transformers, coupling coeffi- 
clents are low, and therefore the leakage inductances in Vig. 254 are 
Important. Transformer losses. neglected m connection with the pulse 
transformer, are accounted for by resistors /?. Rs and Nem Fig. 254. 

Capacitior Cs is Adjusted toa value somewhat larger than that vielding 
resonance of the Lje2, Is, Ce cireuit. Therefore, inductive reactance pre- 
dominates in this circuit, and /. lags the magnetizing-induetance voltage 
ik, as shown in Fig. 252. Capacitor C3 is adjusted to less than the 
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(A) EQUIVALENT CIRCUIT (B) COMPLEX=NUMBER DIAGRAM 


Fie. 25. Amplitude and phase relation in tuned three-winding transformer. 


resonant capacitance, and J; leads LF. The capacitor values are adjusted 
so that the total phase angle between the two currents is 90 deg. The 
phase angle between voltages 2 and LH; is also 90 deg, because each 
capacitor voltage lags the corresponding capacitor current by 90 deg. If 
the two secondary windings are alike, the angle of lag of J. is made some- 
What less than 45 deg; and the angle of lead of J. is correspondingly 
greater than 45 deg. Thus the circuit of winding 2 is the more nearly 
resonant, and the magnitude of J» is greater than that of J 3. his 
difference of current magnitudes is necessary for equal maenitudes of 1, 
and £3 because the reactance of Co is less than that of ce 

As indicated in Fig. 23, the center points of the two secondary windings 
are connected to the second anode of the cathode-ray tube. Thus the 
required set of four-phase voltages is applied to the deflection plates. 
For the conditions of Fig. 25B, the phase sequence is bCD, and the spot 
moves clockwise. 

Timing circuits actuated by the plate voltage of V, are required to 
control the transmitter so that each pulse is sent out at a time correspond- 
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inv toa fixed point of the circular sweep. Pulses can be transmitted once 
each sweep cycle, but more often frequency-dividing multivibrators or 
blocking oscillators are included in the timing circuits, and several sweep- 
oscillation cycles occur in the period between transmitted pulses. An 
intensifying pulse must then be used so that only a single circular sweep 
trace is visible for each transmitted pulse. 


C. SWEEP-CURRENT CIRCUITS 


The fields that deflect the electron beam in magnetic cathode-ray tubes 
are very nearly proportional to the currents flowing in the deflection-coil 
windines. Therefore, the sweep circurts associated with magnetic tubes 
must provide currents, rather than voltages, which have the proper form 
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Fig. 26. Bloek diagram illustrating principles of magnetic cathode-ray-tube indicator. 


to produce the desired beam deflection. Ticho signals are applied to the 
control grid of magnetic cathode-ray tubes to control the intensity of 
the electron beam, and the sweep-current circuits must provide for the 
display of two coordinates of the objects located—for example, range and 
azimuth angle in Type B and ‘Type P presentations. 

13. Basic Magnetic-deflection Indicator. The block diagram of 
Fig. 26 illustrates the basic principles of an indicator employing a mag- 
netic cathode-ray tube. Between sweeps, the electron beam 1s cutoff. 
The pulse from the multivibrator, which is initiated by a trigger pulse 
synchronized with the transmitted pulse, controls the range-sweep inter- 
val. During this interval, a saw-tooth current wave is sent through a set 
of deflection coils, and an intensifier pulse, applied to the cathode (or 
control grid, or first anode), causes the tube to operate at the threshold of 
illumination. Video pulses Npplied by the receiver to the control grid 
then cause bright spots to appear on the screen at pomts corresponding 
to the locations of objects. If range markers are used, they also are 
applied to the control grid. 
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If plan-position presentation is desired, the deflection coil is usually 
rotated mm synchronism with the antenna. For Type B presentation, a 
second set of deflection coils at right angles to the first is provided. <A 
current, the magnitude of which is determined by the direction in which 
the antenna is pomted during cach range sweep, 1s sent through the 
second set of cotls and provides the azimuth sweep. In some Type P 
indicators also, two sets of deflection coils are used, and the currents sent 
through them are of such a nature that a rotating defleetion field is 
produced. 

In the tollowme articles, the cireuits emploved to produce linear range 
sweeps and to move the luminous spot in accord with antenna position 
are discussed. Means of obtaining plan-position indication with a 
rotating coil and with fixed coils are deseribed. 
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(A) EQUIVALENT CIRCUIT (8) WAVEFORMS 
Fic. 27. Equivalent circuit and current and voltage waves for deflection coil. 


14. Current-Voltage Relations for Deflection Coil. An equivalent 
circuit for a deflection coil is drawn in Fig. 27A. The resistance and 
inductance of the winding are represented by R and L, and the distributed 
capacitance by an equivalent capacitor C connected across the coil. The 
voltage e applied to the coil causes a current z to flow through the turns 
of the coil. The magnetic field produced by this current deflects the 
electron beam. An additional current flows through the distributed 
capacitance while e is changing, but the capacitance current does not 
assist in deflecting the electron beam. 

If a linear sweep 1s to be produced, the waveform of the current 7 
should be a saw tooth, asin Fig. 276. During the linear rise of current, 
the voltage across the deflection-coil inductance 1s constant (because 
di/dtis constant) and has the value LAz/At, where Az is the total change of 
current in the sweep interval Af. The voltage across the coil resistance is 
Ri and has the same saw-tooth waveform as the current. The coil 
voltage eis the sum of the rectanguiar mnductance-voltage pulse and the 
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triangular resistance-voltage pulse and has the trapezoidal waveform of 
Fig. 278. 

A simple relation exists between the jump and the sloping rise of the 
trapezoidal wave. The jump voltage is LAz/At, and the slope is the rate 
of change of /22 which is RAz/At. ‘Therefore, 


Jump — LaAt/At _ Lb 
Slope Ai/At Rk 








= time constant of coil (2) 


The total rise of the sloping portion of the e wave is the product of the 
slope and At; therefore, 


Jump jump Jump/slope time constant of conl 


= —_ — —— 8) 


Sloping rise slope X At Al ~ time interval of sweep 





Equation 3 indicates the relative importance of Jump and slope. Fora 
long-duration slow-moving sweep, the jump is neghgible relative to the 
sloping rise. The deflection-coil voltage has nearly the same saw-tooth 
shape as the current. For a very fast sweep, the opposite is true; the 
sloping rise is small relative to the jump, and the deflection-coil voltage 
wave is nearly rectangular. For intermediate sweep speeds, both Jump 
and slope are important. 

In Fig. 27, typical deflection-coil parameters are indicated in paren- 
theses: /2 = 300 ohms, 1 = 100 mh, and Az = 100 ma for full-scale 
deflection of the electron beam. A sweep range of 20 statute mules, cor- 
responding to 

At = 10.74 & 20 = 215 us 


is assumed. The inductance voltage is 


100 x 1 
215 X | 





e2) ‘ Va . 
L Ai = [00 * 10 x 0-6 = 46.5 Volts 


The rise of the sloping portion of the voltage wave 1s 
pp =300 XBI00 Kate? = 3050s 
and the peak value of ¢ is the sum of LAz/At and RAd, or 76.5 volts. The 


ratio of juinp to sloping rise is 46.5/30 = 1.55, which value checks Eq. 3: 
L/R 383 ps — 
—_ = ~——_ = 1.55 
At Zio S 





Because of the relatively large tleflection-coil currents and voltages 
required (100 ma and 76.5svolts), a small power-amplifier tube (for 
example, the Type 6L6 beam power tube) must be used as a deflection- 
coil driver tube. Note that Eqs. 2 and 3 apply to the deflection-corl 
voltage, not to the grid voltage of the driver tube. 
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Capacitance Cin Fig. 27-1 does not enter the relation between deflec- 
tion-coil voltage e and the current 7; an exactly linear current wave is 
obtained no matter what the size of C 7f the voltage wave e in ig. 27B is 
impressed. However, capacitance C prevents any physical cireuit from 
producing the sudden jump of voltage required at the beginning of the 
sweep. ‘The leading edge of the trapezoid must slope slightly (the 
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Fic. 28. Driver-tube voltage and current waveforms. 


amount depending upon the size of C and the current supplied by the 
source of e), and as a result the sweep current is slow in starting. _Minm- 
mizing the value of C and the internal resistance of the source of ¢ Is 
therefore of importance where fast sweeps requiring large Jump voltages 
are desired. 

15. Grid Voltage for Deflection-coil Driver Tube. <A circuit for 
supplying current to a deflection coil is drawn in lig. 28A, and waveforms 
in this circuit are drawn in Fig. 288. For simphcity, the deflection-co1l 
capacitance is assumed negligible, and the current 7 effective in deflecting 
the electron beam is taken to be the same as the plate current %. Thus 
the desired wave of plate current is a saw tooth, and the corresponding 
wave of ¢, which is the supply voltage decreased by the deflection-coil 
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voltage ¢, 1s an inverted trapezoid. The grid-voltage waveform e, 
required to produce these waves of 2 and e is to be determined. 

The driver tube V; 1s assumed to be a triode-connected 6L6, and the 
deflection-coil constants and sweep duration of Art. 14 are used. The 
deflection-coil current is considered to rise from 25 to 125 ma (instead of 
from 0 to 100 ma) in order that the nonlinear low-current region of the 
6L6 curves in Fig. 28C may be avoided. 

Before the sweep interval begins, 7% is 25 ma and ¢, is 


S00 = 25 x 300 C0 = 9 Voli 


Operation is at point A in Fig. 28C, and e, is —30 volts. Point A may 
be located without computing e& if a load line for R = 300 ohms and 
ky = 300 volts is drawn and the point for 2 = 25 ma found. 

During the sweep e is less than 300 volts because of the inductance 
Ar, 
At 
voltage 1s equivalent to a battery opposing the plate supply voltage. 
Therefore, the operating point moves from point B to point C in Fig. 28C 
along a 300-ohm load line drawn 46.5 volts to the left of the line through 
point A. The initial and final values of e,, determined from points B and 
C, are —23.7 and —2.9 volts. Intermediate points on the e, wave may 
be located similarly. The e, wave is trapezoidal, except for a slight 
curvature of the rise between points B and C caused by nonlinearity of 
the tube characteristics. 

The proportions of the trapezoids in the plate- voltage and grid-voltage 
waveforms are different. In the e, wave of Fig. 28B, the | Jump 1s some- 

what greater than the sloping change: 


voltage —~ = 46.5 volts and the resistance voltage Ra. The inductance 


a. in the e, wave, the jump is small relative 
1.2K) «di a eee 

\--- 7, to the sloping rise. This difference may 

R be explained in terms of the linear equiv- 

(300 seus ae . 

, OHMS) alent circuit of Fig. 29, which is appli- 

ube Be 
i : ° cable for current and voltage changes 
dom] and is approximately correct over the 


; 7 entire region of the tube curves used 

Fig. 29, Linear equivalent circuit , ck oe , 
for Fig. 284 applicable during sweep Curing the sweep. If Az in this circuit 
period. Is to be a saw-tooth waveform, Ae, must 
be a trapezoidal voltage of jump-to-slope 
ratio L/ft. Similarly, the generator: voltage ude, must be a trapezoidal 
wave of jump-to-slope ratio LZ(R + rp), and the grid-voltage wave must 
be a smaller trapezoid of these same proportions. To the extent that 
tube characteristics are linear, Eqs. 2 and 3 may be applied to determine 
the proportions of the driver-tube grid-voltage wave, provided the time 
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coustant of the plate circuit is used rather than that of the deflection 
coll alone. 
lu the example of Fig. 28, the average value of r, during the sweep Is 
2 In, and the average value of wis 7.5. The Jump im the grid-voltage 
waveiorm is tlus (ia,/Al)/p, or 46.5/7.5 = 6.2 volts, and the sloping 
rise is AMm(r, + )/u, or 


100(1.2 + 0.3) 


_ = 9() volts 
fur) 


These values agree approximately with those obtamed graphically and 
indicated m Fig. 28s. 

A triode connection of the 6L6 was assumed in the above example m 
order to make the jump im the egrid-voltage wave noticeable. More 
common practice is to employ the beam-tetrode connection. Then the 
plate resistance of the tube is high, and except for very short-range 
sweeps. the Jump in the e. wave is only a small portion of the total rise. 
For example, if the deflection coil of Fig. 28 is used with a tube having a 
plate resistance of 20 K, the plate-circuit time constant 1s L/(t + rp) or 
100/(0.3 + 20) ~ 5 us; and for a 215-us sweep, the ratio of Jump to 
sloping rise is only 3975 or about 2 per cent. If a high-resistance driver 
tube is employed, the jump voltage is usually omitted from the e, wave- 
form for sweep ranges of about 40 miles or more. Often the waveforms 
associated with high-resistance driver tubes are saw-tooth grid voltage, 
nearly rectangular plate voltage, and saw-tooth plate current. 

Wiring and deflection-coil capacitances thus far have been neglected. 
For relatively slow sweeps (sweep ranges greater than about 20 miles), 
these capacitances have little effect during the sweep mterval, and the 
waveforms of Fig. 28B are applicable for this interval. If the grid 
voltage falls suddenly at the end of the sweep, the ‘apacitances will affect 
the transient produced by the sudden decrease of plate current. A ring- 
ing oscillation im the deflection coil, damped by coil losses and the plate 
resistance of the tube, often occurs, as indicated in Fig. 286. A 25- to 
50-Ix resistor is sometimes connected across the deflection coil to provide 
additional damping and to limit the peak voltage produced. Use of a 
damping resistor is especially important if the driver tube is cutoff 
between sweeps. Because the damping resistor is effectively m parallel 
with the plate resistance of the tube, it increases the plate-cireuit time 
constant during the sweep interval. Consequently, a higher jump-to- 
slope ratio for the grid-voltage trapezoid is required when a damping 
resistor is employed. 

The effect of capacitance on the sweep waveform itself—a rounding of 
the front corner of the saw tooth caused by a sloping leading edge of the 
plate-voltage trapezoid—is of importance with high-speed sweeps. 
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Because of the capacitance, accurately linear sweeps for ranges of about | 
mile or less are very difficult to produce. One method of reducing the 
effect of shunt capacitance is to decrease the output resistance of the 
driver tube. To this end, a cathode follower is sometimes used to supply 
current to the deflection coil. The low resistance of the follower allows 
current to be supplied to the deflection coil and its capacitance with little 
distortion of the trapezoidal output voltage. Another method is to use 
the driver-tube circuit of Fig. 284 and to add a “spike” to the leading 





TRAPEZOIOAL-VOLTAGE DRIVER TUBE 
GENERATOR 


(A) CIRCUIT OIAGRAM 


Po 
ry 
PT AZ 


VLOAD LINE y, 
oY FOR R,=143K 


E71 Were 
Tate ee oy Ly 
20 40 60 80 100 120 4O 


PLATE VOLTAGE @4 IN VOLTS 
(C) 6SN7 CHARACTERISTICS (8) WAVEFORMS 
Iie. 30. R-C trapezoidal-voltage generator. 















PLATE CURRENT (4 
IN MILLIAMPERES 
re 


edge of the trapezoid in the erid-voltage waveform. The spike causes 
the tube to draw a sudden pulse of current from the deflection-cojl 
capacitance, thus allowing the plate voltage to decrease very suddenly, as 
required by the jump of the plate-voltage trapezoid. 

16. R-C Trapezoidal-voltage Generator. ‘he erid-voltage waveform 
required to produce a saw-tooth current waveform in the plate circuit of 
the driver tube is often obtained by means of the trapezoidal-voltage- 
generator circuit shown in Fig. 804. The operation of this circuit 
closely resembles that of a saw-tooth generator (Art. 5, Chap. II), but 
because of resistor R between capacitor C’ and ground, the voltage gen- 
erated has the shape of a trapezoid rather than that of a saw tooth. To 
illustrate the operation of this circuit, suppose that the waveform required 
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at the grid of Vsis the e. waveform of Fig. 28B. Between sweeps, Vi 1s 
condueting with e.; = 0, and operation is at point A on the plate charac- 
teristics (Fig. 30C). From these curves, ¢y; 18 10 volts. To make e.2 
equal —30 volts, as required, i; is adjusted to +40 volts. The plate 
supply voltage Lm: must then be 340 volts in order to keep the plate-to- 
cathode voltage of V2 at the 300-volt. value used in the circuit of Fig. 28.4. 

To start the sweep a negative gate pulse (ig. 30B) is apphed to the 
erid of Vy. At the instant Wy is cut off, the voltage eo jumps from 10 
volts to a value which ts 

I 


le 143 + Re 


(since the voltage across C cannot change instantaneously). Therefore, 
the initial jump at the grid of VW, will have the desired value of 6.3 volts if 
Ris made equal to 10.75 KK. As eapacitor © begins to charge, ¢); rises 
exponentially toward 100 volts with a time constant of (R, + R)C. The 
time constant must he chosen so that the voltage across /?;, decreases from 
‘ts initial value of 100 — 16.3 = 83.7 volts to 100 — 37.1 = 62.9 volts in 
215 us. Therefore, 


| 


62.9 S23. fe 7 187t 
and 


P =e us 
To obtain this time constant, C must have a value of 


153 


(143 + 10.75)10? — 0.00493 ut 


The waveform of ee. is the solid curve, and the required waveform 1s 
the dashed curve. Ifa closer agreement of the two is desired, different 
values of Ey, may be used, and new values of Az or ft and C determined 
to make the exponential rise of c; more nearly that of the dotted curve. 

If E represents the difference in voltage between Kyi and ey, when 
e.1 = 0 (see waveform of ¢, Fig. 308), then the jump voltage is 


ee = ER/CUR, a I) 
and the initial slope of the exponential rise is 


i a ee ER, 


(Rp + RC (Ri + RPC 


The jump-to-slope ratio is therefore RC(R, + R)/R1, or for the usual 
condition of R very small relative to R,, the jump-to-slope ratio 1s very 
nearly RC. The jump-to-slope ratio of the grid-voltage trapezoid pro- 
duced is RC, a time constant of the trapezoidal-voltage generator, and the 
jump-to-slope ratio of the ¢. trapezoid desired is the time constant of the 
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plate circuit of the driver tube. To make possible a linear saw-tooth 
wave of current, these two time constants must be equal. Change of the 
supply voltage Mw, or of R, (provided R, is much greater than R), does 
not affect the Jump-to-slope ratio of the e, wave. Thus either E or R, 
may be adjusted to change the rate of rise of the sweep current without 
effect upon linearity of the current rise. 

Usually a multivibrator is employed to generate the negative rectan- 
gular pulse that controls conduction in tube V; of Fig. 304. The positive 
pulse from the normally on tube of the multivibrator is sometimes peaked 
and the peaks added to the ¢.2 trapezoid of Fig. 30B to improve the start 
of the sweep (see Art. 15). Resistor R and a small capacitor connected 
between the plate of the multivibrator tube and the plate of V; function 
as an Ft-C’ peaker. 

Another method of adding a spike to the grid-voltage wave makes usc 
of a very small cathode by-pass capacitor, C;, in Fig. 304. The initial 
jump of the trapezoidal-voltage wave applied to tube V» is fully effective 
in changing the grid-cathode voltage because C, prevents a sudden change 
of the cathode voltage. After a very short time, Ci, charges and allows the 
cathode voltage to rise. Thereafter changes in the trapezoidal voltage 
wave are only partially effective in changing the erid-cathode wave. A 
spike in the grid-cathode voltage wave is thus produced. The trapezoi- 
dal-voltage generator must be designed to produce a jump in the egrid-to- 
ground voltage equal to the desired jump in the grid-to-cathode voltage, 
plus the amplitude of the spike produced by the cathode circuit. 

17. Rectangular Grid-voltage Pulse for Driver Tube. In Art. 15, the 
Jump required in the driver-tube erid-voltage trapezoid is shown to be 
negligible when the sweep duration is long and the plate resistance of the 
driver tube high. On the opposite extreme, if the sweep cluration is short 
and the plate resistance low, the sloping rise of the trapezoid becomes 
negligible relative to the jump, and a satisfactory sweep current is 
obtained if a rectangular pulse is applied to the grid of the driver tube. 

A circuit for producing a sweep current in this Way 1s indicated mn Fig. 
314. Assume first that switch S is closed. Between sweeps, tube V, is 
cutoff, as indicated by the e, wave of Fig. 318, and the deflection-coil 
current 1s zero. During the sweep, tube V, conducts with zero grid volt- 
age and the plate voltage e falls to a low value. The voltage differ- 
ence Ly, — @ applied across the inductance of the deflection coil 
causes a steady increase of the deflection-coil current 7. At the end 
of the sweep, the plate current 4; is reduced suddenly to zero, and were it 
not for and diode Vo, a ringing oscillation would occur in the deflection 
col. This oscillation could be damped by connecting a resistor across 
the coil, as mentioned in Art. 15. Use of the diode in series with the 
resistor prevents 2, from by-passing current around the deflection coil 
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during the sweep, and thus a low value of 2; may be used to provide 
adequate damping. 

Switch S and inductor 4; make possible a choice of sweep durations. 
A short-range sweep is obtained with S closed; a longer range sweep 1s 
produced if the duration of the positive pulse applied to the grid of Vy 1s 
increased with S open. The voltage difference /y, — ec 1s then applied 
aveross L and L, in series, and the defleetion-coil current mcreases more 
slowly. 
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Fig. 31. Sweep cireuit using rectangular grid-voltage pulse. 


The conditions of operation during the sweep interval are simple if the 
plate resistance of tube V; may be considered negligible. ‘Then the 
rectangular pulse applied to the erid of V1 causes a rectangular e, wave 
(see dashed waveforms in Fig. 318), and the current 7 is the exponentially 
rising current caused by suddenly applying a steady voltage to an R-L 
circuit. The portion of the current rise used for the sweep is essentially 
linear if the final current value approached by the exponential (ls, — ¢e 
divided by the circuit resistance) 1s many times larger than the maximum 
sweep current. 

Ordinarily the driver-tube plate resistance cannot be ignored. ‘The 
resistance has two effects: (1) The plate voltage e¢ increases with mecrease 
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of current during the sweep. The final value approached by the exponen- 
tially rising current is therefore reduced and the sweep linearity impaired. 
[n terms of time constants with switch S closed, the time constant of the 
exponential is reduced from L/R to L/(R + r,) because of the plate resist- 
ance r,, and thus a greater portion of the exponential is used by a sweep 
of specified duration. (2) The decrease of ¢ at the initial instant of the 
sweep 1s not instantaneous because of deflection-coil capacitance. There- 
fore, a rounded corner is produced at the beginning of the current saw 
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Fire. 32. Feedback-amplifier sweep circuit. 


tooth. The solid e, curve of lig. 31B illustrates the waveform obtained 
when driver-tube plate resistance is not negligible. 

18. Feedback-amplifier Sweep Circuit. A major cause of sweep- 
current nonlinearity, especially if the sweep duration is long enough so 
that capacitance effects are unimportant, is the nonlinear nature of 
amplifier-tube characteristics. Nonlinearities of this kind are greatly 
reduced by using a feedback amplifier as in Fig. 32. The feedback 
amplifier has the additional advantage that a saw-tooth waveform of 
input voltage may be used, a trapezoidal voltage of correct proportions 
to apply to the deflection coil being generated within the amplifier. 

The circuit of Fig. 32 contains a multivibrator, a saw-tooth generator, 
and a three-stage feedback amphfier. The multivibrator producesa nega- 
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tive gate pulse that operates the saw-tooth generator, and the feedback 
amplifier converts the saw-tooth voltage wave applied to it into a saw- 
tooth current wave in the defleetion eoil. 

Tubes V4, V5, and Vy operate as linear amplifiers, and a voltage pro- 
portional to the output current of Vs is fed back to the eathode of V, 
through resistor Ry. Vhe feedback is negative because a rise in voltage 
at the grid of Vy causes a drop in voltage at the grid of V5, a rise at the 
erid of VWs, arise across both the deflection coil and Ry, and a rise at the 
cathode of V4. 

The effect of the negative feedback is to make the defleetion-coil cur- 
rent have nearly the same waveform as the voltage e;. Tubes V4, V5, and 
Vg amplify the grid-to-eathode voltage of V4 about 500 times in producing 
the feedback voltage ej. Therefore, if the waveform of ej, deviates by 
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Fic. 33. Formation of trapezoid at input to feedback amplifier. 


only a small amount from the saw-tooth waveform of ¢1, the deviation 1s 
sufficient to produce a voltage e.4 which, when amplified, makes the wave- 
forms of ey and e¢; stmilar. Thus the voltage across fy and, consc- 
quently, the current through it have similar saw-tooth waveforms. 

The deflection-coil current, which is the same as the current in /ty,, has 
a saw-tooth waveform; therefore, the deflection-coil voltage must be 
trapezoidal. The grid voltage for 1s must-also be trapezoidal, and the 
erid voltage of 1, and grid-to-cathode voltage of V4 must be trapezoids 
of smaller amplitude. Figure 33.44 indicates how the nearly saw-tooth 
waveform of e, can be subtracted from the saw-tooth waveform of ¢; to 
produce the required trapezoid of e.4. Note that a shght delay mn the 
start of the linear rise of cf occurs, with the result that the sweep current 
ts nonlinear at the very start of the sweep. ‘The duration of the nonlinear 
part is about | us in a typical circuit. 

The amplifier circuit of Fig. 32 has negative current feedback, because 
the returned voltage is proportional to the load current. Negative cur- 
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rent feedback causes the output resistance of the amplifier to be high. 
Therefore, the waveform of the required input voltage ec; is determined 
primarily by the waveform of the voltage drop across the amplifier out- 
put resistance and only to a small extent by the deflection-coil voltage 
requirements. Thus, even for short-range sweeps, the jump required in 
e, 18 so small compared with the sloping rise that the waveform is essen- 
tially a saw tooth. 

Because the grid voltage of tube V¢ is never positive, the trapezoidal- 
sweep voltage at the grid of 1’, must have an average value equal to the 
grid-bias voltage. Consequently, when the sweep duration is changed 
to provide a different range scale, the between-sweeps value of the grid- 
to-cathode voltage must change (assuming that the repetition frequency 
remains constant). If V« 1s operated above cutoff between sweeps, the 
current through the deflection coil and therefore the starting position of 
the spot on the screen depend upon the setting of the range-selector 
switch. To ensure that the spot always starts from the same point 
regardless of the range scale, a clamper tube (Art. 10, Chap. IT) is con- 
nected across the grid-return resistor. 

In some circuits the grid-to-cathode voltage of Vs is maintained below 
cutoff between sweeps to make the sweep always start at the same point. 
The grid voltage of Vs must be raised rapidly to bring the tube into the 
linear operating region. The process of raising the grid voltage of 1, 
from below cutoff to the point where the deflection-coil current begins to 
increase linearly causes a slight delay in the start of the sweep. Some- 
times a compensating delay of the echo signals is provided by means of a 
delay line in the video section of the receiver. 

In the circuit of Fig. 32, only the sweep capacitors need be switched to 
change range scales. Instead of switching capacitors in the multivibrator 
to control the sweep duration, a turn-off amplifier is used to control the 
width of the multivibrator pulse. Capacitor C in the multivibrator is so 
large that the multivibrator itself would produce a pulse of greater dura- 
tion than that of the longest sweep used. The cathode voltage of V; is 
set by potentiometer , so that the turn-off amplifier is normally cutoff. 
When the deflection-coil current reaches a predetermined value, the 
voltage ej becomes large enough to cause V; to draw current. As a 
result, a negative pulse is produced at the plate of ’; which causes the 
multivibrator to switch back to its normal between-sweeps condition. 
The amplitude of the sweep trace on the cathode-ray tube is therefore 
controlled by adjustment of /?, and ts automatically maintained the same 
on all ranges. The sweep speed can be adjusted by varying the sweep 
capacitor ©), C2, and (; or the charging resistor R,. Adjusting Rp 
changes the sweep speed and trace length simultaneously in such a way 
that the sweep duration remains nearly constant. 
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Ihree shunt eapacitances in (he eireuit of Fig. 32 ere of relatively large 
size. One is the defleetion-coil capacitance, and the other two are the 
capaertanees between each deflection-coil terminal and ground. These 
last two are large because a cable is ordinarily required to connect. the 
deflection eoil to the amplifier. The capacitance between the cathode of 
Vy and ground is wumportant beeause V5, a cathode follower, can charge 
it very quickly. The other two eapacitances affect considerably the 
start of the sweep because they may cause the defleetion-coil current to 
differ from the current in Ry, and the circuit acts to produce a saw-tooth 
current in Ry. Deflection-eoil capacitance slows the start of the sweep 
as in other cireuits, but its effeet is somewhat offset by the capacitance 
across Ry, which deereases the feedback voltage at the beginning of the 
sweep. 

19. Azimuth-sweep Circuit for Type B Presentation. ‘ype B pres- 
entation requires not only a vertical motion of the spot on the indicator 
screen to indicate range but also a horizontal motion of the spot to mdi- 
eate the azimuth angle of reflecting objects. A variety of methods are 
used for correlating the horizontal motion of the spot with the azimuth 
anele of the antenna beam. One method, often used when azimuth scan 
is obtained by mechanieal motion of the antenna system, employs a 
potentiometer geared to turn with the antenna. The potentiometer sup- 
plies current to the deflection coil, and thus the spot deflection is made a 
function of the direction in which the antenna radiates maximum 
energy. 

Frequently, the antenna is capable of rotating continuously, but only a 
sector of 180 deg or less from the 360-deg region scanned 1s presented on 
the Type B indicator. A potentiometer having a continuous circular 
winding as in Fig. 34:4 is then used. A direct voltage is applied to fixed 
taps on the winding, and the deflection coil is connected to the winding 
through two sliding contacts. The rotating member which carries the 
contacts is geared to turn at the same speed as the antenna. Angle @1n 
Fig. 344 is therefore the azimuth angle of the antenna. 

Assume that the sector to be presented on the indicator hes between 
6 = —90degand 6 = +90deg. When 6 is zero, the two sliding contacts 
are at points of equal potential, the deflection-coil current is zero, and the 
range trace lies in the center of the indicator screen. As @ changes from 
—90 deg through zero to +90 deg, the deflection-coil current varies from 
4 maximum in one direction to a maximum in the other direction, as 
indicated in Fig. 34B. Consequently, the range trace moves from one 
side of the screen through the center position to the opposite side. 
Rotation of the antenna through the 180-deg sector beyond +90 deg, 
moves the range trace in the reverse direction across the indicator sereen. 
Because objects in this sector are not to be presented, the indicator sereen 
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is blanked in this part of the antenna motion. A cam-operated switch 
controls the supply of voltage to an electrode of the cathode-ray tube. 

Because the rate of change of deflectron-coil current corresponding to 
the antenna motion is very low, the voltage produced across the deflec- 
tron-coil inductance 1s negligible. Therefore, the coil is represented by 
its resistance, as in Fig. 344, instead of by the complete equivalent cir- 
Cli Ol ig. 27 4a. 200. 

igure 345 shows the relation between deflection-cor current and 
azimuth angle to be linear. A linear relation is desired so that the 
azimuth scale of the Type B presentation may be linear. Unfortunately, 
because of the relatively large current required by the deflection coil, the 
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lic. 34. Azimuth-potentiometer circuit and relation of deflection-coil current to azimuth 
angle. 


lmear relation of Fig. 348 would not be obtained if the potentiometer 
winding were uniform. With a uniform winding, resistance PR, in Fig. 
344 would decrease linearly with @ as @ increased from zero to 90 deg. 
The deflection-coil voltage would therefore vary linearly only if the cur- 
rent in /?, were constant. Actually, the current in PR, increases as 6 
increases. ‘Therefore, the resistance per unit angle of the winding must 
be less near the battery taps than it is midway between the laps; & 
fapercd potentiometer winding is required to produce a linear current- 
angle relation. 

A common construction of azimuth potentiometer is illustrated in Fig. 
839A, and the resistance-angle relation for it is shown in Fig. 35B. The 
solid-line curve of Fig. 35B is the desired taper. (The exact shape 
required depends upon the relation of deflection-coil resistance to total 
potentiometer resistance.) The potentiometer is wound with wire of 
uniform size, and the cross section of the winding form is varied in three 
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steps. “The broken line of Fig. 35B is the actual curve for the potentiom- 
eter; it approximates the desired smooth curve. 

Among the other methods of providing azimuth sweep for the Type B 
indicators are the following: (1) A uniformly wound potentiometer may 
be used to supply voltage to an amplifier, the amplifier supplying the 
defleetion-eoil current. In a similar system used with an electrostatic 
Type B indicator tube, the amplifier supplies voltage to the deflection 
plates. (2) A synchro (see See. A, Chap. V, especially Art. 12) may be 
geared to the antenna and made to furnish an alternating voltage of mag- 
nitude dependent on antenna position. A phase-sensitive rectifier (see 
Art. 16, Chap. V) changes the svnehro output to direct voltage, and a d-e 
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amplifier supplies the deflection-coil current. (3) In rapid-sean systems, 
the antenna beam rotates or moves back and forth several times a second. 
Often a small a-c generator operating in synchronism with the scan 
furnishes the deflection-coil current either directly or through an amplifier. 

Several presentations other than Type B (for example, Types C, D, and 
H) require azimuth sweeps. ‘These are obtained in much the same way 
as the azimuth sweep for Tvpe B. Some presentations (for example, 
Types C, D, and E) require elevation sweeps. ‘The same basic methods 
are used again, but of course the deflection-coil current is made to depend 
upon the elevation angle of the antenna beam instead of upon the azimuth 
angle. 

20. Rotating-coil Plan-position Indicator. For Type P presentation. 
range-sweep circuits of the types described in Art. 13 through 18 are 
employed, and the range trace is made to begin at the center of the 
sereen. Type P azimuth indication requires that the range trace rotate 
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about the center of the screen. When antenna scan is produced by rota- 
tion of the antenna, a very simple means of providing plan-position 


MOTOR azimuth indication is to cause the 
DEFLECTION _ deflection coil to rotate about the 
IT —— sean neck of the ecathode-ray tube in 
=e) EC cUaiks correspondence with the antenna 
: motion. 
tH = Iigure 36 shows the tube and 
IY I=2H rotating coil. The yoke carrying 
L we eae the deflection coil is mounted in 
\ bearings and driven by a motor. 
A| SLIP RINGS Slip rings are provided so that 
= range-sweep currents may be sent 


hig. 36. Cathode-ray tube and rotating through the coil. Figure 37 ihus- 
deflection coil used in plan-position indi- trates the Way wh which azimuth 
ae indication is provided. The mag- 
netic field estabhshed by range-sweep currents rotates with the deflec- 
tion coil, and the sweep trace 1s always in a direction perpendicular to 
this field. 

A number of different methods are used for rotating the deflection coil 
In correspondence with the antenna. If the antenna rotates continu- 
ously and at a constant rate, a stmple method is to drive antenna and 
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Vic. 37. Relation of sweep direction to deflection-coil position. (The electron beam is 
directed into the paper.) 

deflection coil by synchronous motors connected to the same power sup- 
ply. The coil then turns at exactly the same speed as the antenna, but 
it. 1s possible for the two rotating systems to be differently oriented. To 
avoid errors from this source, a *amp-operated switch on the antenna 
mount is arranged to brighten the range trace each time the antenna 
passes the zero-azimuth position. Thus a bright line should appear at 
an azimuth angle of zero on the indicator. If the hne appears in a differ- 
ent position, power to the deflection-coil motor may be interrupted 
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momentarily to allow the coil to slip back in position relative to the 
sntenna until correct ahenment is obtained. 

Alore common methods of driving the deflection coil employ synchros 
and servomechanisms.  ‘Phese methods, which permit the antenna to 
turn back and forth as well as to rotate continuously, are discussed in 
detaibin Chap. V.0 Some of the possibilities are: 

1. ‘Phe antenna may be rotated by hand or by a motor, a synchro 
generator geared to turn with the antenna, and asynchro motor employed 
to drive the defleetion coil. The two synchros are connected electrically, 
and the motor turns in correspondence with the generator. Small errors 
between the positions of motor and generator exist. To reduce the 
elicets of these errors, the svnchros are usually geared to turn at a higher 
speed than the antenna and the coil. 

2. ‘Phe antenna may be driven and a low-power servomechanism used 
instead of the svnehros to keep the coil in step with the antenna. The 
servomechamsm usually meludes a svnehro generator at the antenna, a 
svnchro control transformer at the coil, and a motor to drive the coil in 
such a way as to mmimize the difference between the positions of the 
generator and control transformer. 

3. The deflection coil may be driven by hand or by a small motor. A 
higher power servomechanism 1s then used to drive the antenna in cor- 
respondence with the deflection coil. 

21. Methods of Positioning the Sweep Trace. Articles 15 through 18 
describe circuits for producing a current of the saw-tooth waveform 
required for a range sweep. In these articles, only the change of current 
required to produce the sweep, or the a-c component, is considered. The 
d-ec component also is of importance because it determines the position of 
the trace on the indicator screen. Positioning requirements for ‘T’ype B 
and Tvpe P presentations are different. For Type B, the deflection-coil 
current must have a negative value at the beginning of the sweep to 
deflect the spot to the bottom of the screen. During the sweep, the cur- 
rent rises to zero (the spot is then at the center of the screen) and on toa 
positive value equal in magnitude to the initial negative value. For 
Type P presentation, the deflection-coil current must start at zero and 
increase sufficiently to move the spot from the center nearly to the edge 
of the screen. 

Provision for positioning the range trace may be made in many different 
wavs. Two circuits sometimes used with Type B indicators are shown 
in Fig. 38. The circuit in Fig. 384 employs L-C couplng to remove 
the direct component of plate current from the deflection-coil circuit. 
Inductances J, and Le and capacitor C are very large, so that the alter- 
nating components of deflection-coil current and voltage are essentially 
the same as the a-c components of plate current and voltage. Thus the 
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trapezoidal voltage ¢.,, produces a saw-tooth wave of current 2 in the same 
way as in the simpler cireuit of Art. 15. If the 4, &, Le branch of the 
circuit were open, the average current through the deflection coil would 
be zero because of capacitor C. The dotted ne on the 7 wave of Fig. 384 
would then be the zero axis for the wave, and the range trace would 
extend farther above the center of the tube than below. ‘lo secure cor- 
rect positioning, a d-c component must be sent through the deflection-coll 
in the direction opposite to the reference arrow of 7. Supplying this cur- 
rent is the function of the /, I, Ly branch. Resistor ? is made adjust- 
able to serve as a positioning control. 

The cireuit of Fig. 38B employs a push-pull amphfier and a spht-wind- 
ing deflection coil. Connections are made so that current in 4; 1n the 
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Fic. 38. Circuits that provide correctly positioned sweeps for Type B indicators. 


direction of the arrow moves the indicator spot upward and current in L» 
in the direction of the arrow moves tne spot downward. At the beginning 
of the sweep (note the grid-voltage waveforms), current in V,; and Ly is 
small relative to that in V2 and Le, and the spot is near the bottom of the 
indicator sereen. During the sweep, current in V; increases and that in 
V> decreases, causing the upward spot motion. Resistor PR serves to 
control the division of current between V; and Ve and thus to position the 
range trace. 

A third positioning method for a Type B indicator makes use of an 
auxihary deflection yoke and coil to which is supphed a steady current. 
The saw-tooth wave applied to the main deflection coil may then have 
any reasonable direct-current contponent, the current in the auxiliary coil 
is adjusted to secure correct positioning. 

The range trace for a plan-position indicator is correctly positioned if 
the deflection coil is in series with the driver-tube plate circuit and the 
driver tube is cutoff between sweeps (as it may be, for example, in the 
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feedback cireuit. of Art. 18). The sweep current then starts from zero, 
and the range trace from the center of the screen. With circuits like the 
one m Art. 15, the low-current region of the driver-tube characteristics 
cannot be used because of nonlinearity, and a coupling cireuit (for 
example, the cireurt of ig. 388.1) must be employed. Occasionally, where 
objects at very short range are important, the Type P sweep current 1s 
made to hegm with a small positive value. Then the spot that normally 
indicates zero range is changed mto a small circle about the center of the 
tube. Sueh a sweep causes a little distortion of the maphke presentation 
but permits better separation of near-by objcets. 

Where Type P presentation of only a relatively small sector 1s desired, 
off-center plan-position mdicatton is often emploved. The zero-range 
point is moved nearly to the edge of the indicator screen, and a wedge- 
shaped display of the desired sector jis obtained. Such a display requires 
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Fie. 39. Method of producing rotating range trace with fixed deflection voke. 


the use of two deflection coils on separate vokes. The main coil carries 
the normal range-sweep current and rotates with the antenna, the 
cathode-ray tube being blanked when regions outside the desired sector 
are seanned. The auxiliary deflection coil is stationary and carries a 
steady current to provide the off-center deflection for the display. 

22. Fixed-coil Plan-position Indicator. In some plan-position indi- 
cators. instead of a rotating deflection coil special circuits are employed 
with fixed coils to provide the rotating magnetic field and range trace. 
The fixed deflection voke (which is the same as the yokes used m Type B 
‘ndicators and is illustrated in Fig. 5, p. 224) has two sets of deflection 
coils, one for producing horizontal deflection of the luminous spot and the 
other for vertical deflection. Range-sweep currents are applied to the 
two sets of coils simultaneously, and the direction of the trace e obtained 
depends upon the relative amplitudes of the two currents, 

Figure 39 illustrates the method of producing the rotatmg range trace. 
In Fig. 304, a range-sweep current 1s apphed to deflection coil £1 only, 
and the magnetic field lies along the axis of 1. The resulting range trace 
‘s horizontal because the electron beam is deflected in a direction per- 
pendicular to the magnetic field. In rig. 390B, range-sweep currents are 
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applied to both coils, and the resultant magnetic field takes a position 
between the two coil axes. Because of this shift of the magnetic field, 
the range trace is rotated clockwise from its original position. The two 
current waves must be exactly alike and must be applied simultaneously; 
otherwise the trace would not be a straight line. In Fig. 39C, sweep cur- 
rent 1s applied to coil Le only, and the range trace lies 90 deg clockwise 
from its first position. The range trace may be made to turn smoothly 
through an angle of 90 deg if, during a large number of sweep intervals, 
the current applied to coil L; is slowly decreased to zero and the current 
in Le is simultaneously increased from zero. Further rotation is obtained 
if the deflection-coil currents are reversed in proper sequence. 
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Fig. 40. Current in deflection coils of Fig. 39 required to produce rotating range trace. 


In Art. 10 it is shown that a horizontal and a vertical displacement 
vector may be added together to produce a rotating vector. The 
resultant vector is of constant length and rotates with constant angular 
speed if the components execute sinusoidal variations equal in amplitude 
and 90 deg apart in phase. ‘This result may be applied to the sweep 
trace in Fig. 39. In order that the range trace have a constant length 
and rotate at constant speed, it is necessary that the envelopes of the 
saw-tooth sweep currents be sinusoidal, as indicated by the waveforms 
of Fig. 40. The two envelopes differ in phase by 90 deg and have equal 
peak values if the two deflection coils have equal deflection sensitivities. 
Note that the individual saw-tooth waves of current are applied to the 
two coils semultancously; the phase-difterence of 90 deg applies only to the 
variation of amplitude from one saw tooth to the next. 

One of the many circuits used to produce sweep-current waveforms of 
the form of Fig. 40 is illustrated in Fig. 41. Because of the need for 
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reversing the directions of the horizontal and vertical components of 
magnetic field, each of the deflection coils of Fig. 39 is replaced in Fig. 41 
by two coils connected to push-pull driver tubes. ‘The four driver tubes 
require four trapezoidal grid-voltage waves. The amplitudes of the 
trapezoids must vary sinusoidally with antenna angle, as shown in Fig. 42, 
in order that sweep current having a similar variation may be obtained. 
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Fic. 41. Sweep circuit for plan-position indicator. 


In the circuit. of Fig. 41, each grid-voltage wave is supphed by a 
separate trapezoidal-voltage generator. For example, voltage ¢¢1 18 pro- 
duced by the circuit comprising resistors Jt and /?., capacitor C, and 
switch tubes VW, and Vy. This circuit differs from the trapezoidal-voltage 
generator of Art. 15 in two respects: (1) The supply voltage is obtained 
from brush 1 on the potentiometer instead of from a fixed source. As the 
potentiometer rotates, the supply voltage changes in magnitude and 
assumes negative as well as positive: values. The variations of supply 
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voltage produce the sinusoidal variations of trapezoidal-wave amplitudes 
indicated in Fig. 42. (2) Two switch tubes are needed because of the 
reversal of polarity of the supply voltage. Between sweeps, tube 3"; con- 
ducts if the supply voltage is positive, and V4 if this voltage is negative, 
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thus preventing ( from charging in‘either direction. During the sweep 
period, the negative gate pulse causes both tubes to be cut off, and the 
trapezoidal wave is formed. 

Operation of the switch tubes may be explained more fully in terms of 
Ing. 438, which shows a portion of the circuit of hie. +1. Between sweeps, 
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the grid voltage of V, is zero because of the positive grid return, but the 
erid voltage of V>5 is appreciably negative because of the plate voltage of 
Vy. Vhe two switch tubes therefore may be considered to be unequal 
resistors forming a voltage divider across the yn. supply. Voltage Mone 
is small 100 volts or less—and ¢en1, the grid-to-ground voltage for V4, 1s 
maintained at a fraction of this value, about 10 volts, by the conducting 
switelh tubes. Beeause resistor /y 
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positive-going trapezoid is pro- 

dueed: if the brush voltage is negative relative to the between-sweeps 
‘alue, an inverted trapezoid is formed. When the brush voltage equals 
the between-sweeps voltage, as it does at instants f2 and ¢,1n Hig. 42, no 
trapezoid is produced. 

Both the jumps and the slopes of the trapezoids produced are very 
neatly linear functions of the voltage obtained from the potentiometer. 
In order that the waves of Fig. 42 may be produced, therefore, 1t 1s neces- 
sary that the potentiometer supply four voltages which are sinusoidal 
functions of antenna angle and which have the same amphtude and phase 
relations as the envelopes of the waves in Irig. 42. 

A special potentiometer is used to produce the required voltages. 
High-resistance wire is wound uniformly on a square card, and positive 
and negative voltages /; and #2 are applied to the ends of the winding, as 
indicated in Fig. 41. The magnitudes of £; and M2 are so chosen that the 
potential on the center line AB is the between-sweeps value Ol Geert 
Potentials at points on one side of AB are positive and on the other side 
negative, relative to the between-sweeps voltage. The magnitude of the 
voltage difference between any point and line AP 1s proportional to the 
distance of the point from the iine. 

The construction of the potentiometer permits rotation of the card 
around its center point, connections to the end turns being made through 
slip rings. The potentiometer is arranged to turn with the antenna. As 
it rotates, the brushes follow a circular path on the ecard, and the distance 
of each brush from line AB varies Sinusoidally. Thus a set of sym- 
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metrical four-phase voltages 1s obtained from the brushes, and these are 
the supply voltages required by the trapezoidal-voltage generators. The 
h-C' filters shown in the leads from the potentiometer brushes in Fig. 41 
are present because otherwise the small irregularities of voltage produced 
when a brush moves from one turn of wire to the next would produce 
irregularities in the trapezoidal waveforms of grid voltage. 

The circuit of Fig. 41 is only one of several plan-position-indicator 
circuits used with fixed deflection yokes. Most commonly, these circuits 
employ a single trapezoidal-voltage generator together with a synchro or 
rotary transformer. ‘This use of synchros is discussed in Art. 12 of Chap. 
V. The synchro may split the single trapezoidal voltage into four waves 
suitable as grid voltages for four driver tubes. Alternately, the synchro 
may follow the driver tubes and split a single saw-tooth current wave into 
two waves having the proper amplitudes for application to the horizontal- 
and vertical-deflection coils. 

Sometimes electrostatic cathode-ray tubes with long-persistence screens 
are used in plan-position indicators. The presentation is then produced 
in the same general way as with fixed deflection coils. Instead of 
trapezoids, however, four variable-amplitude saw-tooth waves are pro- 
duced and applied through two push-pull amplifiers to the four deflection 
plates. 


CHAPTER. V 
SYNCHROS AND SERVOMECHANISMS 


An arbitrary motion imparted to one shaft must often be reproduced 
accurately by the motion of a second shaft, sometimes with torque 
amplifieation. A direct mechanical connection between the apué or 
control shaft and the output or load shaft may not be feasible either because 
of their separation distance or because of the need for torque amplifica- 
tion. When torque amplification is not required, extensive use is made 
of electrical data-transmission or remote-indication systems. The devices 
most commonly used for remote indication are synchros, which resemble 
small electric motors and operate on single-phase alternating current. 
When torque amplification is required, use Is made of electrical or 
hydraulic devices called servomechanisms, Servomechanisms commonly 
include synchro units when control from a remote point is required. 

Radar sets use remote-control systems to turn the antennas, to drive 
dials which indicate the antenna position, and to rotate the deflection 
coil of plan-position indicators im correspondence with the antenna. 
Remote-control svstems are needed with high-accuracy radar sets to 
transmit the data collected by the set to the device that uses the data. 
For example, with wartime fire-control radar, a group of remote-control 
mechanisms transmits range, azimuth, and elevation coordinates of a 
target from the radar set to a computer. Another group of mechanisms 
aims the guns in accord with indications of the computer. Automatic- 
tracking radar sets include special servomechanisms that cause the 
antenna to follow a given object accurately and maintain a gate pulse at 


the range of the object. 
ASwoUNGHROS 

A synchro is a small a-c machine used for the transmission of angular- 
position data. Synchros are known also by various trade names such as 
Selsyn, Synchrotie, Autosyn, and Diehlsyn. Other devices, such as 
Magnesyns! and potentiometer-and-magnet devices, are sometimes used 
for remote indication of angular position, but the most frequently used 
devices are synchros. 

1. Construction and Connections of Synchro Motors and Generators. 
A simple example of the use of synchros is the system of Fig. 1 for 


1R. 8. Cuixps, “ Magnesyn Remote Indication,” Trans. A.I.E.L., 63 (September, 


1944), 679-682. 
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turning the deflection col of a Type P indicator in accordance with the 
rotation of the radar antenna. The antenna ts connected by gears to 
the shaft of the synchro generator. Voltages from the generator are trans- 
mitted to the synchro motor and cause the motor to turn in correspondence 
with the generator motion. Thus the deflection coil geared to the 
synchro motor 1s made to follow the antenna motion, and the direction of 
the range trace on the indreator tube corresponds to the direction of 
radiation from the antenna. For simplicity, the gcar ratios are assumed 
to be 1:1 in this example, though in actual systems the svnchros are usu- 
ally geared to turn faster than the antenna and coil in order to provide 
increased accuracy (see Art. 11). 
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Fig. 1.) Simple synchro system for turning deflection coil of Type P indicator. 


The synchro generator is often called a transmitter. and the motor a 
receiver or follower. The generator and motor are identical in construc- 
tion except that the motor is equipped with a mechanical oscillation 
damper (described in Art. 5) and with low-friction ball bearings whereas 
the generator does not have the damper and usually does not have ball 
bearings. As shown in Fig. 2, each machine has a stator (stationary 
part) and a rotor (rotating part) built of sheet-steel laminations and 
wound with coils of wire. 

The rotor has two salient (projecting) poles and one winding. Connec- 
tion to the winding is made through brushes resting on two slip rings, 
and the terminals are marked P?1 and 22. The rotor shaft provides a 
mechanical input or output conneckion. 

The stator ts eylindrical and slotted and carries three similar windings, 
each distributed in several slots. In the synchro cross section of Fig. 3, 
one of the stator windings is shown occupying a group of four adjacent 
slots and another group of four slots located 180 deg from the first group. 
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he entive winding may be regarded as a coil, the turns of which lie in 
planes perpendicular to the line marked ‘‘ Axis of coil .”?) > When current 
flows in coil st, the magnetomotive force is in the direction of this axis. 
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Fic. 3. Cross section of a synchro generator or motor. 


Only one stator winding is shown in Fig. 3. Actually there are two 
others so placed that the axes of the three windings are 120 deg apart. 

The three stator windings may be connected together in either wye 
(Fig. 44) or delta (Fig. 4B). The three stator terminals are marked 
S1, S2, and 83, the numbers increasing in the counterclockwise direction 
around the stator. (Clockwise and counterclockwise apply to the 
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machine viewed from the shaft end and to circuit diagrams like Figs. 4A 
and B.) The circuit-diagram symbol for a synchro employing either the 
wye or delta connection is shown in Fig. 4C. ‘The inner circle represents 
the rotor; the outer circle the stator. The arrows on the diagrams indi- 
cate the position of the rotor relative to the stator. 

The electrical connections of the synchro system in Fig. | are as follows: 
Corresponding stator terminals of generator and motor are connected 
together, corresponding terminals of the rotor windings are connected 
together, and the rotor windings are connected. to the a-c power line. 
These connections cause the motor to turn in the same direction as the 
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Fie. 4. Sehematic representations of a synchro. 


generator, as indicated by the arrows in Fig. 1. Altogether, five wires 
are usually run between generator and motor, though the number is 
sometimes reduced to four by using one wire in common for rotor and 
stator. 

2. Operation of Generator—Electrical Zero. ‘lo understand why the 
motor follows the generator, the manner i which the generator stator 
voltages change as the generator shaft 1s turned must first be known. 
Suppose the rotor winding of the generator is connected to the a-c line? 
but the terminals of delta-connected stator windings are open, as shown in 
Fig. 5. A current flows in the rotor and causes a magnetic flux having ¢ 
path somewhat as in Tig. 38. ‘The flux varies sinusoidally with time at 
hne frequency and induces alternatiny voltages in the stator windings. 

ms 

The power-supply voltage for synehro rotors 1s normally 115 volts, 60 eps for 
eround and shipboard mstallations, and 115 volts, 400 to S00 cps for aircraft 
installations. 
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The svynehro ts hke a single-phase transformer in which the rotor winding 
is the primary and the stator windings are three secondary coils. 

The magnitudes of the voltages 
induced in the stator windings 
depend upon the relative number 
of turns mn rotor and stator coils 
and on the orientation of the 
rotor. For the position of the 
rotor in Fig. 5, voltage “4 across 
coil A hasits maximum magnitude 
and is in phase with the lne 
voltage ,,.. As the rotor 1s 
turned clockwise from this posi-  .,¢ 
tion, 4 decreases and becomes ‘col 
zero when the rotor axis is per- iG. 5. Rotor and stator voltages of svnchro 

with delta-connected stator. 
pendicular to the axis of coil -1. 
Further turning of the rotor causes a voltage of reversed phase to appear 
across coil A. 

The variation of the rms voltage 4 with the angular position of the 
rotor is plotted in Fig. 6.1 The position of the rotor in Fig. 5 corresponds 
to 6 = 90 deg clockwise in Fig. 6. Positive values of M4 indicate an 
in-phase relation between /7, and Fi... and negative values a 180-deg 
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Fic. 6. Rms stator voltages as functions of rotor angle 6. Negative values indicate u 


phase reversal. 

phase relation. The rms value of /4 varies sinusoidally with the rotor 
angle, because the distribution of the coil turns in the stator slots and 
the shape of the rotor pole faces are carefully chosen to secure such a 
variation. The curves of voltage across coils B and C are of the same 
sinusoidal shape. A displacement of 120 deg between the curves for any 
two coils appears eens of the orientation of the coils. Pomt-by-poimt 
addition of the ordinates of the three curves in Fig. 6 shows that the 


!The maximum stator voltage is shown in Fig. 6 as 90 volts, which ts usual for 
Navy synchros. lor Army synchros, the sl value is 105 volts, and for industrial 


synchros 55 volts is common. 
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sum of M4, fz, and l¢ 1s zero for each position of the rotor; therefore, the 
delta may be closed as in Fig. 5 without appreciable circulating currents 
appearing in it. 

The stator voltages do noé constitute a three-phase set of voltages. 
Three-phase voltages are equal in magnitude and 120 deg apart in phase. 
The synchro stator voltages, on the other hand, are unequal in magnitude 
and are in phase or 180 deg out of phase with each other. If the rotor is 
turned slowly, the stator voltages are modulated with sinusoidal envelopes 
that differ in phase by 120 deg, as shown in Fig. 7. The individual cycles 
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Fic. 7. Instantaneous rotor and stator volt: ages Obtained as the rotor, connected to 60-cps 
line, is turned at 150 rpm. 


of the stator voltages, however, are either in phase or 180 deg out of 
phase with the rotor voltage. 

The angular position of the rotor is usually measured with respect to a 
standard position called electrical zero. By definition, electrical zero is 
the position of the rotor for which the v oltage between S1 and S83 is zero, 
and the voltage at S2 (with respect to S1 or S3) is in phase with that of 
1 (with respect to R2). The reference arrows on synchro diagrams 
indicate the zero position—one arrow is placed along the rotor axis, 
directed from R2 toward ftl, and the other is so located on the stator that 
alignment of the two arrows indicates’ the electrical-zero position. The 
rotor angle 61s alw: ays measured from electrical zero. Note the electrical- 
zero position in Fig. 5, and note that the rotor angle 6 is used in plotting 
the curves in Fig. 6. 
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To determine the electrical-zero position, connections are made as in 
lig. 8. Iklectrical zero is the position in which 14 is zero and FE, is less 
than the lne voltage. At a position 
ISO deg from electrical zero, M4 is 
again zero but /, is more than 115 
volts. A simpler method may be : 
used Hf an electrical-zero autotrans- 
former is available (see Art. 10). 
The rotor of the svnchro and the — 4c. 
autotransformer are connected =m 
parallel to the power line, and the 
stator of the svnehro is connected 
to the output terminals of the auto- mi Geer — 
er svnahro, (lifes £6 lig. S. Connections for determination 


of electrical-zero position. 
turn, then assumes its zero position. 


$2 





The curves of Fig. 6 apply equally well to the wve-connected stator of 
the syvnehro in ig. 9. ‘To understand this, consider first the voltages 
E,, Fo, and [3 produced in the individual coils and plotted as a function 
of rotor angle in Fig. 10.1. The voltages between stator terminals are the 
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Fig. 9. Rotor and stator voltages of svnchro with wve-connected stator. 


differences of pairs of coil voltages; for example, 4 is 4; — 3. Point- 
by-point subtraction of ordinates of the curves of Fig. 10 shows that 
E44, Ex, and Fc for the wye-connected machine vary with rotor angle m 
exactly the manner specified by Fig. 6. Fewer turns are placed on cach 
coil of a wve-connected machine; thus the maximum values of the stator 
terminal voltages are made equal for the two connections. 


1 The maximum value of 52 volts applies to Navy synchros in which the maximum 
stator terminal voltage is 90 volts. 
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Because the two connections yield exactly the same stator voltages for 
each position of the rotor, it 1s difficult to tell which connection is used in a 
given machine. Delta-connected machines are assumed in the following 
discussions, but the results apply equally well for the wye connection. 
Both connections are in use. 
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Fre. 10. Rms coil voltages as functions of rotor angle 8. Negative values indicate a 
phase reversal. 


3. Operation of Motor. Consider, now, that the stator terminals of 
the generator are connected to corresponding terminals of the motor and 
that power is suppled to the generator rotor, as in Fig. 11. Assume 
temporanly that the rotor of the motor remains open-circuited. The 
voltages induced in the generator stator coils and applied to the motor 


GENERATOR MOTOR 





Fie. ll. Circuit for explaining operation of synehro motor. 


eause currents to flow in the motor windings, and these currents set up 
magnetic flux in the motor. Connecting together corresponding stator 
terminals makes the self-inductante voltage induced by flux in each 
motor coil equal the voltage induced by flux in the corresponding gen- 
erator coil, except for small voltage drops caused by the exciting currents 
flowing through the coil resistances. Since the motor and generator 
coils are alike, equal fluxes in corresponding coils are required to produce 
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equal voltages, and therefore the orientation of the magnetic field in 
the motor must be identical with that of the field in the generator. 

The set of three stator voltages transmitted from generator to motor 
may be considered as an electrical signal that carries information about 
the position of the rotor in the generator. In fact, these voltages cause 
a magnetic field in the motor in a direction parallel to the magnetic field 
set up by the generator rotor. 

A bar of soft iron placed in a magnetic field tends to align itself parallel 
to the field. Thus the sahent-pole rotor of the svnehro motor tends to 
turn into ahgnment with the field even though its winding is open. Oper- 
ation with open rotor winding is undesirable, however, for three reasons: 
(1) For a given position of the generator, there are two stable positions 
of the motor rotor which are 180 deg apart. (2) The machines may 
beeome overheated beeause of excessive current. (3) The torque devel- 
oped by the motor is small. ‘hese difficulties are avoided if the rotor 
winding of the motor is connected to the a-c line by closing the switch in 
Kig. 11. Vhe rotor of the motor is now an electromagnet exerted by 
alternating current and is said to be polarized. It has only one stable 
position. For the symmetrical connection, the stable rotor position of 
the motor corresponds exactly to that of the generator. If the rotor 1s 
connected to the a-e line and ahgned with the rotor of the generator, the 
current circulating between the two synchro stators is zero, because the 
stator voltages of generator and motor oppose each other. ‘The rotor 
currents are only the small currents needed to magnetize the machine. 

Inasmuch as the synchro generator and motor are similar machines, the 
same reasoning could be followed in the reverse direction to show that 
the generator tends to align itself with the motor. Any torques devel- 
oped in the two synchros at standstill are equal in magnitude and opposite 
in direction for the two machines. Each synchro tends to turn to the 
position of the other. In use, the gencrator is firmly driven, whereas the 
motor can turn freely and thus follows the generator motion. 

The input to a svnchro generator is the mechanical position of its shaft ; 
the output is an electrical signal in the form of the three single-phase 
stator voltages. The synchro motor receives, as an electrical input, the 
three stator voltages and has a mechanical output, which is an angular 
rotation of its shaft. 

The effect of changing synchro connections is illustrated in Fig. 12. 
For the symmetrical connection (Figs. 124A or 11), the motor assumes very 
nearly the same rotor angle as the generator and follows the generator 
with the same direction of rotation. <A constant angular displacement 
of 180 deg may be obtained by a reversal of the connections to one rotor 
winding as in Fig. 12B, and a 120-deg displacement by a cyclic shift of 
stator connections as in Fig. 12C. Opposite directions of rotation are 
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obtained by interchanging stator connections. In Fig. 12D, a reversal 
is obtained by interchange of the connections to Sl and S83. In this way 
the motor and generator are made to reach the position of electrical zero 
at the same time. (Any other interchange of connections causes the 
motor to lead or lag by !20 deg.) 
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Kia. 12. Effect of changing connections between syvnchros. 


One generator can be used to transmit positron indications to two or 
more motors. lor example, a gyrocompass aboard ship can be connected 
to a generator which is wired to a number of motors (compass repeaters) 
located at various points. If therejare more than two motors, the gen- 
erator should be larger than the motors. If any motor becomes jammed, 
It impairs the accuracy of all the other motors, since it becomes a gen- 
erator competing with the real generator. Figure 13 shows a generator 
connected to three motors. 
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4. Torque-Angle Curve. In many applications of synchros, the 
accuracy of comeidence between generator and motor shafts is very 
important. Since both the svnehro motor itself and the load connected 
to it have some friction and inertia (thus requiring torque during motion 
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Kia. 138. One synehro generator controlling three motors. 


and during acceleration), and since no torque is developed when the two 
rotors coincide, perfect accuracy 1s mpossible. 

The torque developed for any given error or displacement angle 6 may 
be determined from a torque-angle curve such as that of Fig. 14. This 
curve is verv nearly sinusoidal, so that the point of maximum torque 
occurs at an angle of approxi- 
mately 90 deg. As indicated in 
the figure, the direction of the 
torque depends upon the sign of 
the displacement angle. ‘The curve 
applies for standstill conditions, 
and under these conditions motor 
and generator torques are equal. 
At high speeds of rotation, the oe, Pit iy colo ae as func- 
curve changes somewhat and motor 
and generator torques become unequal. <A curve of rotor current versus 
displacement angle is also given in lig. 14. 

If the load on the motor should require a torque greater than the 
maximum or pull-out torque, the motor would drop out of step with the 
generator. Normally the loads are so small that the displacement does 
not exceed 10 or 20 deg. Operation with hght loads is desirable (1) for 
accuracy of angle transmission, (2) so that momentary overloads of 
several times normal loads will not pull the motor out of step, and (3) to 
prevent overheating of the machines. Although machines could be 
designed so as not to overheat wher operated continuously at large dis- 
placement angles, there is no reason for doing so because accuracy requires 
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the normal displacement to be small. The maximum safe continuous 
displacement is 20 deg in the usual designs. 

It the resistance of the wires connecting the two stators is high, the 
ordinates of the torque-angle curve are reduced. The resistance of the 
wires connecting the rotors has a similar but smaller effect, because the 
rotor voltage is usually higher than the stator voltage. 

Iexcept for the small errors caused by friction, especially static friction, 
in the ball bearings of the motor, the no-load error of a synchro system 
would seem to be zero, according to the curves.of Fig. 14. Actually, 
however, there are errors even at no load, because the two machines can- 
not be made exactly alike, and therefore the relative positions of the rotors 
vary a little as the rotors turn through a revolution. To make these 
errors small (for typical values see Tables 1 and 2, Art. 8), the machines 
are carefully designed and built. The motor rotor is accurately balanced. 
The inner surfaces of the stators are ground to true cylinders, and the 
rotors are accurately centered therein to minimize torque arising from 
magnetic dissymmetry. The number and size of the slots and the 
shape of the pole faces are carefully chosen to make the stator-voltage 
curves vary sinusoidally with rotor angle. To minimize any tendency of 
the rotor to lock in at one position due to tooth torque and to ensure 
smooth operation, either the pole tips or the slots are skewed. Synchros 
of high accuracy require much more careful workmanship than a frac- 
tional-horsepower motor of the same size, and their cost is correspondingly 
greater. 

The mechanical system of Fig. 15 has nearly the same torque-angle 
curve as a synchro system and therefore serves as an analogue for use in 
explanations of synchro operation. Two shafts, representing the gen- 
erator and motor shafts, are coupled by means of a spring joining crank 
arms on each shaft. The angular displacement 6 between the two cranks 
increases as the transmitted torque increases. The torque is zero at zero 
displacement and again at 180-deg displacement and greatest near 90 deg. 
Beyond 90 deg the spring tension increases but the component of tension 
perpendicular to the crank arms decreases; hence the torque decreases. 
The spring tension is analogous to the stator currents of the synchro 
system. ‘The 180-deg position is obviously an unstable one. 

5. Oscillation Dampers. If the generator is given a sudden angular 
displacement, the motor—bcecause of its inertia—tends to overtravel and 
oscillate about its final position. This tendency should be clear from the 
mechanical analogue of Fig. 15. In order to minimize the duration of 
oscillations, as well as to overcome .any tendency of the motor to start 
spinning—that is, running at high speed as an induction motor—the 
motor 1s usually equipped with a mechanical oscillation damper. 

The most obvious method of damping would be to use bearings with 


Arr. 6] SYNCHRO CONTROL TRANSFORM eit 289) 


high friction. This method of damping would be disadvantageous, how- 
ever, because in order to rotate, even though at constant speed, the motor 
would have to develop a torque to overcome the bearing friction, and an 
error angle would result. Damping 1s 

obtamed without mtroducing such an 

error by using a so-called imertia 

damper. In one form the imertia GENERATOR - 
damper consists of a flywheel having 
a loose rm. When the acceleration 
is high—as it is durmeg an oseilla- 
tion—the rm slips on the central part 
and the fretion between the two 
parts produces a damping torque. 
When the velocity is constant, however, the rim turns with the central 
part and there is no friction or error due to friction. An equivalent 
mertia damper is a hollow flywheel filled with mercury. 

In another form of inertia damper, a flywheel is mounted on the shaft 
(see Fig. 2B) so that the flywheel turns freely on an intermediate ring or 
bushing through a small angle, after which it strikes a stop on the bushing. 
Any further rotation of the flywheel relative to the shaft causes the 
bushing and flywheel to turn together. Since there ts a friction disk 
between the bushing and the shaft, this additional motion introduces 
appreciable damping. This arrangement permits oscillations of small 
amplitude to occur without much damping, but oscillations of larger 
amplitude are damped rapidly. 

6. Synchro Control Transformer. Not all synchros are used in the 
manner of a generator and motor to repeat a shaft motion. The synchro 
control transformer (sometimes called a synchronous transformer) is used 
with a synchro generator to indicate the difference between the angular 
positions of the two shafts, a use that has important applications im elec- 
trical servomechanisms. The control transformer does not exert a torque 
to tend to align itself with the generator. Instead it produces a voltage, 
sometimes called an error signal or error voltage, which indicates the error 
of alignment between its shaft and the generator shaft. 

The synchro control transformer has a stator similar to that of a 
synchro generator or motor, except that the three stator windings of the 
control transformer have more turns of finer wire. Its rotor, shown in 
Fig. 164, is cylindrical rather than salient-pole and has a single high- 
impedance winding consisting of a large number of turns of very fine wire. 
The rotor winding is placed in slots as shown in the figure. Stator and 
rotor terminal designations and the positions of reference arrows are 
indicated in Fig. 16B. Note that the rotor reference arrow is placed at 
right angles to the axis of the rotor winding rather than in the rotor 
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Kia. 15. Meehamenl analogue of syn- 
chro system. 
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axis; otherwise the diagram 1s the same as for a synchro generator or 


motor. 

The control transformer operates as a single-phase transformer having 
three stationary primary windings and one movable secondary winding. 
The circuit diagram of a system using a generator and a control trans- 
former is Shown in Fig. 17. The stator voltages applied from the synchro 
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ria. 16. Synchro control transformer. 


generator to the control transformer establish a magnetic flux ® in the con- 
trol transformer. If the generator rotor angle is 6,, then the flux is dis- 
placed from the stator reference by an angle 6; in both machines. The 
rms value of the voltage induced in the rotor winding of the control trans- 
former depends upon the rotor position relative to the flux—no voltage is 
produced if the coil axis is perpendicular to the flux, and a maximum 
voltage is obtained if the axes are parallel. 
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hia. 17. Control transformer used to compare two shaft motions. 


Electrical zero for a control transformer is one of the two zero-rotor- 
voltage positions obtained when the stator is connected to a gvenerator 
that is set to its electrical zero. A counterclockwise rotation of the 
control transformer through less titan 180 deg from the electrical-zero 
position causes a voltage at RI (with respect to R2) in phase with the 
voltage at S2 (with respect to S1 or S3). This corresponds to a control- 
transformer rotor voltage in phase with the generator rotor voltage, the 
voltages being measured at corresponding terminals. Reference arrows 
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are placed on circuit diagrams of control transformers to indicate elec- 
trical zero by their comeidence. The rotor angle 6 (see Vig. 17) is 
measured from the electrical zero position. 
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kia. 18. Error voltage of control transformer as function of error angle. Negative values 
of voltage indieate reversed phase. 


he value of the error voltage induced in the rotor varies with the error 
angle 6. = 6; — 6, as shown in the curve of Fig. 18.' A positive sign for 
error voltage on this curve indicates that the error voltage and line voltage 
are m phase, and a negative sien 
indicates that the two are 180 deg 
out of phase. <A very nearly sinu- — a-c ing 2 
soidal error-voltage curve is ob-  ‘™S 
tained by appropriate distribution of 
coil turns among the slots. 

The error voltage as a function of 
time is plotted in Fig. 19 for clock- 
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in phase or 180 deg out of phase with vottase < o a ; 
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the line voltage. 

As commonly used in electrical 
servomechanisms, the svnchro con- 
trol transformer supphes an error 
signal from its rotor winding to an) | | | 

a hic. 19. Relation of error voltage to line 
MM Miner eat CONCTOIS =a C=C Gp AC 5 ieee oe ens cant ole 
motor. The circuit is such thaf the 
speed of the motor is proportional to the magnitude of the error voltage, 
and the direction of rotation is determined by the phase of the error 
voltage with respect to that of the line voltage. In the normal operation 
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1 The maximum value of 55 volts applies te a standard Navy control transformer. 
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of such a system, the error angle 1s kept small, so that the error voltage 
is almost directly proportional to the error angle. 

Since the amplifier circuit to which the control-transformer-rotor out- 
put is normally connected has a high input impedance, the rotor current 
is neghetble. Because the rotor currents are so small, and because the 
rotor is cylindrical, the torque developed in the control transformer is 
negligible, no matter to what position the rotor 1s turned. The cylindri- 
cal rotor and the high-impedance stator windings serve to make the 
exciting currents in the stator windmgs small. (If a salient-pole rotor 
with its axis 90 deg from the field axis were used, the reluctance of the 
flux path would be high and large stator currents would flow.) 

7. Differential Synchro. If it is desired to have the angular position 
of an output shaft equal the swm or difference of the angular positions of 
two input shafts, a differential synchro may be used. 
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(A) OELTA-CONNECTED OIFFERENTIAL 
SYNCHRO 


Fic. 20. Differential synchro. 


Lhe differential synchro has a stator identical with that of a synchro 
generator or motor. It differs from the generator or motor in that it has 
a cylindrical, instead of a salient-pole, rotor; and the rotor, like the stator, 
has three distributed windings spaced 120 deg apart. The turns ratio 
between stator and rotor windings is approximately 1:1. The rotor 
windings have a slightly larger number of turns than the stator windings, 
so that, with voltages applied to the stator, the extra turns on the rotor 
compensate for internal impedance drops and give a 1:1 ratio between 
rotor and stator terminal voltages. Three slip rings and brushes are 
used for connections to the rotor windings. Terminal designations are 
shown in the schematic representation of Fig. 20. Both wye and delta 
connections are used. \. 

The electrical zero of a differential’ synchro is the position in which 
corresponding coil axes of rotor and stator are parallel. A stator refer- 
ence arrow 1s placed on diagrams, such as Fig. 20, on the electrical-zero 
axis of the stator, that is, along the axis of the flux set up by the stator 
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windings when an electrical-zero signal is applied. Similarly, a rotor 
arrow indieates the eleetrieal-zero axis of the rotor. The two arrows are 
ahened when the differential svnehro is in its eleetrical-zero position. 

There are two types of differential svnehros: the d7fferential generator 
and the differential motor. They have the same construction except that 
the differential motor has an mertia damper lke that of an ordinary 
svnehro motor. ‘Vhe differential generator is normally used as an mter- 
mediate unit connecting the output of a svnehro generator to the mput 
of a svnehro motor or control transformer. Its purpose is to receive an 
electrical signal corresponding to a certain angular position of the gen- 
erator, to modify this signal by an amount corresponding to the angular 
position of its own rotor, and to transmit the modified electrical signal to 
the output synehro. This modified cleetrical output signal produces an 
angular position of the flux m the output svnehro which is either the sum 
or the difference of the rotor angles of the two generators. The differ- 
ential motor has two electrical mputs from separate synehro-generator 
units, one to the stator and one to the rotor winding, and a mechanical 
output which is its shaft position. 

Consider first the differential-generator system of Fig. 21A. The 
stator voltages of the generator are applied to the stator of the differ- 
ential generator and establish a magnetic field in the differential having 
the same orientation as the field in the generator. In Fig. 21A, the field 
in the synchro generator is displaced 45 deg counterclockwise from the 
generator stator reference because of the rotor angle. Thercfore the 
magnetic field in the differential is displaced 45 deg counterclockwise from 
the stator reference, as indicated by the flux arrow ®. 

The rotor voltages of the differential generator depend upon the posi- 
tion of the magnetic field relative to the rotor coils in exactly the same 
way that the stator voltages from an ordinary synchro generator do. In 
Fig. 214, the rotor is turned 90 deg counterclockwise from electrical zero 
so that the flux arrow is +5 deg clockwise from the rotor reference arrow. 
Therefore the rotor voltages of the differential generator cause a mag- 
netic field 45 deg clockwise from the stator reference of the synchro 
motor, and the rotor of this motor tends to align itself with this field. 

The differential generator in this example modifies the original elec- 
trical signal for a 45-deg counterclockwise rotation by subtracting a 
90-deg counterclockwise rotation, with the result that the motor assumes 
a position 45 deg clockwise from electrical zero. Thus, m general, this 
connection makes the rotor angle of the motor equal that of the gencrator 
minus that of the differential generator. 

Different relative directions of rotation can be obtained by interchang- 
ing pairs of differential generator input or output leads as illustrated mn 
Fig. 21. For example, in Fig. 21B, connections to terminals | and 3 are 
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reversed at the rotor and at the stator of the differential, and the rotor 
angle for the motor is the sum of the generator and differential angles. 
For the angles indicated in the figure, the flux in the generator is 45 deg 
counterclockwise from the stator reference arrow. Because of reversed 
connections, the differential generator flux is 45 deg clockwise from its 
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(0) TWO OUTPUT LEADS INTERCHANGED 
MOTOR ANGLE = DIFFERENTIAL ANGLE ~ GENERATOR ANGLE 


Pre, 21. Effect of interchanging input or output leads of differential generator. 


stator reference or 135 deg clockwise from the rotor reference. The 
second reversal of connections makes the motor flux take a position 134 
deg counterclockwise from the stator reference. 

The rotor windings of the differential generator in Fig. 21 may, of 
course, be connected to a control transformer instead of a motor. The 
control-transformer output voltage is then a measure of the error betiveen 
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its own rotor angle and the combination of generator and differential- 
generator rotor angles that positions the control-transformer flux. 
Consider now the synchro system with a differential motor shown in 
lig. 22. Voltages indicating a 45-dee rotation arc apphed from synchro 
generator to the stator windines of the differential motor, and a mag- 
netic field @®s is created alone an axis 45 deg counterclockwise from the 
stator reference arrow. The 60-deg cloekwise electrical signal from 
synchro generator B is applied to the rotor windings of the differential 
motor and establishes a magnetic field @» that is 60 deg clockwise from 
the rotor reference arrow. The rotor is equivalent magnetically to a 
single-winding rotor having an axis 60 deg clockwise of the rotor reference 
arrow. ‘Therefore the motor, if free to turn. assumes the position shown 
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Pig. 22.) Synehro system including a differential motor. 


in Fig. 22 in which @, and $, are aligned. The rotor angle of the differ- 
ential motor is 105 deg counterclockwise; that is, the motor anele is the 
angle of generator A minus the angle of generator B. Reversing pairs of 
connections at the differential can change the relative directions of 
motion in much the same way as illustrated in Fig. 21 for the differential 
renerator. 

8. Designations of Synchros. Synchros used in Army and Navy 
equipment are given standard designations. These synchros are fre- 
quently encountered in radar systems. 

Navy synchros are designated by an Arabie numeral followed by one or 
two letters, for example, 5DG. The numeral indicates the size and the 
letters define the function of the synchro. The meaning of the letters is 
as follows: 


G—Generator C'l— Control transformer 
DG— Differential generator S—Special unit 
F—Nlotor (follower) H—Hhigh-speed unit (speed 


D— Differential motor ~ greater than 300 rpm) 
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The meaning of the size numbers is indicated by the approximate weights 
and dimensions in Table 1, where the maximum no-load error is also 
given. All sizes are built for operation at a line frequency of 60 cps, with 
rotor voltages of motors and generators of 115 volts, maximum stator 
voltages of 90 volts, and maximum rotor voltages of control transformers 
of 55 volts. Although Navy synchros are built by several manufacturers, 
standard dimensions and performance characteristics are adhered to by 
all. Sizes 1, 5, and 6 are most common in radar equipment. 


TaBLeE 1. NAvY SYNCHROS 


a 


Approximate | Approximate | Approximate | Maximum 


Size weight, length, diameter, | no-load error, 

lb in. mn. deg 

1 2 39 WH 2.2 1.5 

3 3 5.2 | jel 

5 5 6.0-6.8 | 3.4-3.6 0.6 

6 8 6.4-7.5 | 4.5 0.6 

7 18 8 .9-9.2 5.8 | 0.6 

8 60 Lael 8.6 | 





Army synchros are designated by Roman numerals which denote both 
size and function. These synchros are designed for 50- and 60-cps service. 
A few typical types of Army synchros are listed in Table 2. 


TaBLeE 2. ARMY SYNCHROS 





Approximate | Maximum 


Type Function weight, no-load error, 

lb deg 

I | Generator 11.8 0.5 

IJ | Motor Oe O56 

IV | Generator 4.8 Os 

V | Motor 4.8 0.5 

X jl Motor | es Da) 
NIL¥ | Differential motor | 4.8 
4.8 


XV | Control transformer 





9. Synchro Capacitors. When a synchro generator is connected to a 
differential generator or control transfqrmer, it must supply an excitation 
current to the other machine, even if no error angle exists. The exciting 
current is the sum of two components: (1) a loss current, which is in 
phase with the voltage and which supplies the heat loss in the copper of 
the windings and in the iron, and (2) a magnetizing current, which lags 
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the voltage by 90 deg and establishes the magnetic field. The mag- 
netizing component is normally the larger of the two.! 

To obtam maximum aceuraecy from a synchro system, the currents 
drawn from the svnehro generator should be kept as small as possible. 
A reduction of the current supplied to a differential generator or control 
transformer is accomplished by the use of synchro capacitors, sometimes 
called capacitor exciters or simply exciters. A synchro-capacitor unit com- 
prises a delta-connected set of equal capacitors. These capacitors are 
connected in parallel with the stator windings of the differential gen- 
erator or control transformer. The 90-deg leading current of the capaci- 
tor balances out the 90-deg lagging magnetizing component of the 
exciting current of the synchro. Under no-load conditions, therefore, 
the line current ts reduced to the svnehro loss current. 
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Fie. 23. Connection of synchro capacitors in a system. 


A synchro capacitor is connected as close as possible to the terminals of 
the differential generator or control transformer to which it supphes 
magnetizing current. This is done to reduce the currents in the long 
leads to the synchro generator. Figure 23 shows the capacitor exciter 
connected in a typical synchro system. 

Synchro capacitor units are made in a variety of sizes for use with 
different types and sizes of synchro units. They are usually rated 
according to the total capacitance, which is the sum of the three individual 
capacitances. Standard synchro capacitors should always be used with 
synchros, as they consist of very high-grade paper-foil units which are 
carefully matched so that the individual values differ by less than 1 per 
cent. Accurate matching of the units is mportant to the accuracy of 
the synchro system. Accuracy of the total eapacitance is less important, 
and the total capacitance 1s kept to within 10 per cent of the rated value. 

Synchro capacitors should never be connected in parallel with stator 
windings of a synchro motor and generator. When the following error of 


1A typical size 5 Navy differential generator has an exciting current of approxi- 
mately 1.0 amp, of which 0.30 amp 1s loss current and 0.90 amp is magnetizing cur- 
rent. <A typical size ] Navy control transformer requires approxiinately 45 ma excit- 
ing current consisting of 20 ma loss current and 40 ma magnetizing current. 
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the motor is nearly zero, the current between stator windings is very 
small; the addition of a capacitor would increase the current and reduce 
the accuracy of the system. 

10. The Electrical-zero Autotransformer. In some synchro systems, 
sv need arises for an electrical-zero signal, that is, for a set of voltages equal 
to the stator voltages of 2 synchro generator turned to its electrical-zero 
position. Instead of a properly aligned generator, an electrical-zero 
autotransformer may be used to supply the 
signal. Consider a- system using standard 
Navy synchros. Keference to Fig. 5 and the 

[ curves of Fig. 6 shows that, when the gen- 
R2 s3 erator is in the electrical-zero position, the 
Fig. 24, Electrical-zero auto- voltage between stator terminals S] and 83 
suSrOrmer: is zero and the voltage of terminal S2 rela- 
tive to S1 or S3 is 90 sin 60° or 78 volts in phase with the rotor voltage 
(at R1 relative to R2). These same voltages can be obtained from the 
1154 .-volt autotransformer of Fig. 24. 

In use, terminals S1, S2, and S3 are connected to appropriate stator 
terminals of a synchro motor, control transformer, or differential motor, 
and the autotransformer is a source of an electmcal-zero positioning signal. 
Electrical-zero transformers are required for the normal operation of 
some svnchro systems and are also employed in maintenance work for 
the alignment of synchro units. 

11. Geared Synchro Systems. In a synchro system such as that of 
Fig. 1, in which the synchros rotate at the same speed as the input and 
output shafts, the system accuracy ts limited by the no-load error of the 
synchros plus the (usually greater) errors caused by load torques. ‘The 
amount of the error depends upon the amount of torque required and 
upon the steepness of the torque-angle curve near the origin (Fig. 14, 
ne 2S Ge 

To improve the accuracy of the svstems, gear ratios are often chosen 
that make the synehros turn faster than the input and output shafts. 
For example, in Fig. 1, the svnchro generator might be geared to turn at 
10 times the antenna-shatt speed. The motor would then follow the 
generator, and the indicator coil would be geared to turn at one-tenth ot 
the motor speed. Such gearing reduces the effect of synchro no-load 
errors by a factor equal to the gear ratio. Load errors are reduced even 
more because torque at the load shaft causes less torque on the synchro 
motor and a smaller error at the synchro motor shatt, ‘T’o the extent 
that the torque-angle curve is linear, load errors are reduced by the square 
of the gear ratio. Of course, some additional errors are introduced by 
vearing because of backlash and firietion. 

A standard gear ratio used for Navy svnchro systems is 1:36; that is, 1 
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revolution of the mput shaft turns the generator rotor through 36 revolu- 
trons, and 36 revolutions of the rotor of the motor or control transformer 
correspond to | revolution of the output shaft. Such a synehro svstem is 
called a 36-speed svstem. 

A disadvantage of geared systems is that the sclt-svnehronous feature 
of a l-speed system is lost. If power to a synchro system is mterrupted, 
the generator may be turned without the motor following. With a 
I-speed system, however, the motor aligns itself correctly as soon as 
power is restored. (If a displacement of 180 deg oceurs, the motor may 
remain for a short time in its displaced position. Tlowever, the slehtest 
motion of either machine will cause torques that turn the motor to its 
correct positron.) With a 36-speed system, 36 positions of the output 
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Fic. 25. Ten-speed synchro system employing caum-operated switehes and used to turn 
deflection coil of plan-position indicator. 


shaft exist for which the svnehro motor is aligned with the generator. 
Thus any one of these positions nay be assumed by the output shaft when 
power 1s restored aiter an mterruption or when the motor is pulled out of 
step by a momentary high load torque. 

One method of obtamimg accuracy without losing self-synchronous 
operation employs coarse and jine synchro systems connecting the same 
input and output shafts. For example, 1- and 36-speed systems may be 
used. Incorrect alignment of the 36-speed system is prevented because, 
when the shaft error is large, the 1-speed system has control and reduces 
the error to a small value. ‘The 36-speed system then takes control and 
MamitaIns Mel aceuracy. 

A simpler system employs cam-operated switches to prevent incorrect 
alignment. The diagram of a 10-speed system employing such switches 
and used to rotate a deflection coil in correspondence with a radar 
antenna is shown jn Fig. 25. As long asthe coil is correctly aligned with 
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the antenna, the relay is never energized, because the switch operated by 
the coil eam is closed for only 14 deg of the coil rotation and the switch 
operated by the antenna cam is open during rotation through the same 
angle, plus 2 deg to either side. With the relay unenergized, the synchro 
generator and motor are connected in normal fashion. 

As an example of the self-synchronizing action of the system, suppose 
that, when power is applied, the antenna is in its zero position (arrows 
aligned) but the coil is 180 deg away from the zero position. Both cam- 
operated switches are open, with the result that the synchro motor 1s 
connected to the generator and the synchros are aligned. ‘Turning the 
antenna clockwise makes the indicator coil follow 180 deg out of position 
until the coil cam closes its switch. The relay is then energized, and 
instead of the generator stator voltages, an electrical-zero signal 1s apphed 
to the motor. (A series resistor is used instead of an electrical-zero auto- 
transformer.) Therefore, the synchro motor and the indicator coil 
remain locked in the zero position until the antenna is turned close to its 
zero position. As soon as the antenna cam opens its switch, normal 
operation 1s begun. 

12. Applications of Synchros. Synchros are used in radar sets (1) as 
the receiving and transmitting elements of remote-indication systems, 
(2) as variable-ratio transformers in indicator circuits, and (3) as error- 
detecting elements in servomechanisms. The first two applications are 
discussed in this article, and the third in Art. 138. 

Synchro remote-indication systems are employed not only to rotate 
deflection coils m type P indicators, as illustrated in Figs. 1 and 25, but 
also in a variety of other applications to turn dials and pointers so that 
motions of a shaft in one location may be known at another location. 
Radar readings of range, azimuth, and elevation may be transmitted by 
synchros to the place where the data are to be used. In ships and air- 
craft, plan-position imdicators are often made to show true bearing 
instead of relative bearing. That 1s, the indicator display shows objects 
in relation to the compass directions instead of relative to the heading of 
the ship. Such a display remains unchanged when the ship changes 
course. To obtam a true-bearmg indicator, a differential generator is 
added to the generator-motor system connecting antenna and deflection 
coil, and the rotor of the differential 1s connected mechanically to a 
gyro-compass. 

A synchro generator may be considered as a transformer in which the 
rotor winding is the primary and - the stator windings are secondaries. 
The voltage ratio between primary and each secondar y is changed when 
the rotor is turned. Synehros or synchro-like devices used to produce 
voltages that are functions of angular position are often called rotary 
transformers. Rotary transformers are used, for example, instead of 
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azimuth potentiometers in some Type B and most. fixed-coil Type P 
indicators. Synehros have the advantage of longer hfe than potentiom- 
eters because the resistance wire with its sliding contact is eliminated. 

Ina Type Bindieator, a synehro generator or control transformer may 
replace the azimuth potentiometer (see Art. 19, Chap. IV), provided the 
angle of the seetor displaved is relatively small. An alternating voltage 
Is applied to the rotor, which is made to turn with the antenna, and an 
output alternating voltage is obtained from one of the stator windings. 
The synehro is adjusted so that the output is zero when the antenna is in 
the zero-azimuth position. The output voltage then has one phase when 
the antenna is rotated clockwise from zero and a 180-dee different phase 
for antenna positions on the opposite side of zero. This voltage is applied 
to a special type of rectifier that is sensitive to phase (see Art. 16). Alter- 
nating voltage of one phase causes a positive direct. voltage at the rectifier 
output, and voltage of the opposite phase causes a negative direct voltage. 
The direct voltage actuates an amplifier that supplies current to the 
deflection coil. A disadvantage of this system is that the synchro output 
voltage 1s a sinusoidal funetion of the antenna position. If the rectifier 
and amplifier are linear, therefore, the azimuth scale of the Type B indi- 
cator 1s nonlinear—unless the sector displayed is small so that only the 
nearly hnear part of the sine wave is used. 

In most fixed-coil Type P indicators, a rotary transformer and a single 
trapezoidal-voltage generator are employed instead of the special poten- 
trometer and four trapezoidal-voltage generators described in Art. 22 of 
Chap. IV. In one form of the circuit, the trapezoidal waveform of volt- 
age 1s converted by the rotary transformer into four trapezoidal driver- 
tube grid-voltage waves having amplitudes that vary with antenna posi- 
tion. In another form of circuit, the output voltage of the driver tubes is 
applied to the rotary transformer, which converts a single saw-tooth cur- 
rent wave into two waves suitable for application to the deflection coils. 

A circuit of the first type is drawn in part in Fig. 26. The driver tubes 
and deflection coils may be connected in the same way as in the poten- 
tiometer circuit of Fig. 41, p. 273. Tube W44 in Fig. 26 is the switch tube 
of a trapezoidal-voltage generator, and V3 is a power amplifier for the 
trapezoidal wave. Power amplification is needed in order that the 
rotary-transformer exciting current may be supplied without distortion 
of the trapezoidal-voltage waveform. The rotary transformer, which is 
connected mechanically to the antenna, differs slightly from the usual 
synchro. The stator carries two windings having axes perpendicular to 
each other, instead of three windings with axes 120 deg apart. The 
amplitudes of the trapezoidal voltages obtained from the stator windings 
vary sinusoidally with the antenna angle, and a 90-deg phase displace- 
ment exists between the voltage amplitudes obtained from the two wind- 


bo 
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ings. Thus a trapezoidal waveform of voltage 1s present across each of 
the four resistors 1, Re, Rs, and Ry, and when the antenna turns, the four 
waves vary in amplitude in the correct manner for use as driver-tube oricl 
voltages. 

The stator voltages are not applied directly to the grids because neither 
the coupling capacitor C nor the rotary transformer can transmit the 
direct, component. of the waveform generated. As a stator voltage 
changes in amplitude, the base line from which the trapezoid is drawn 
rises or falls so that the average value of each cycle is zero. Correct 
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Fic. 26. Rotary transformer in sweep circuit for fixed-coil plan-position indieator. 


operation of the driver tubes requires that the trapezoids be drawn up or 
down from a fixed base line. Therefore, the capacitors (1, Ce, C3, and (4 
and the eclamper tubes V, through Jy. are used. The circuit of the 
Glamper tubes is like that of the switch tubes m Fig. +1, p. 273. Between 
sweeps, the tubes conduct and maintam the driver-tube erid voltages at 
the desired values. The capacitors receive whatever charges are neces- 
sary to permit these end voltages to exist. During the sweep, the 
Glamper tubes are cutoff by the wegative grid-voltage pulses, and the 
trapezoidal waveforms from the rotary transformer are transferred 
through the capacitors to the driver-tube grids. The special clamper- 
tube cmeumt is required instead of simple diode clampers, because the 
trapezoidal waves may have either polarity. The base-line voltage, 
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which must be clamped, is sometimes at the positive extreme and some- 
times at the negative extreme of the waveform. 

Sometimes, instead of the speeial rotary transformer of Fig. 26, a 
standard three-stator-winding synehro ts employed in fixed-coil Type P 
indicators. ‘The resistance network shown in Hig. 27 1s then employed 
to change the three stator voltages to two voltages having amphtude 
rariations 90 deg apart. The variations of ¢e;, e2, and the fraction of es 
obtained from point P are plotted as functions of rotor angle in lig. 27B. 
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Fic. 27. Method of obtaining trapezoidal voltages with amplitude variations 90 deg 
apart from synchro with three stator windings. 


Point-by-point subtraction of the fraction of e; curve from the e; curve 
yields the plot of ¢e4; similarly subtraction of the fraction of e3 from €2 
yields es. The maximum-amplitude points of the e; and ¢2 curves are 
120 deg apart. Subtracting the fraction of e; causes the maximum- 
amplitude points of ¢4 and ¢z to be closer together than the peaks of the 
e, and e. waves. The tap point P is adjusted so that the maxima of ¢, 
and ez are 90 deg apart. 

The proper location for point P may be determined from the curves in 
Fig. 27B. As indicated in the figure, the peak of the ez wave must occur 
15 deg from the peak of the ez wave or 15 deg from the zero of the e; wave 
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and 45 deg from the zero of the e; wave. The peak of the eg wave coin- 
cides with the zero of the e4 wave, because of the 90-deg separation of 
maxima, and therefore Hes at a point where the ordinate of the e; curve 
equals the ordinate of the fraction of e; curve. Thus 


Best) =e asin) (1) 


where #,, is the maximum amplitude of the e;, ¢2, and e3; waves and vL,, is 
the maximum amplitude of the wave obtained from the tap point P. The 
value of « from Eq. | is sin 15°/sin 45°, or 0.366. 

To produce the four driver-tube grid voltages, the e4 and eg waves of 
Fig. 27 are each apphed to a phase inverter (Art. 7, Chap. 1V). Clamper 
tubes are required to restore direct components to the phase-inverter out- 
put waves; a clamping circuit hke the one in Fig. 26 may be used. 
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Fre, 28. Fixed-coil plan-position indicator using rotary transformer connected directly 
to deflection coils. 


The general form of the second type of rotary-transformer circuit for 
plan-position indication is shown by the diagram of Fig. 28.  Fixed- 
amphtude trapezoidal-voltage waves are applied to the grids of the driver 
tubes, and from these tubes trapezoidal voltage waves and saw-tooth 
current waves are applied through the rotary transformer to the deflection 
coils. The waves applied to the primary of the rotary transformer are 
fixed in amplitude; those delivered by the stator windings vary in ampli- 
tude with the antenna angle in the manner required to produce a rotating 
radial sweep. 

A difficulty with the circuit of Fig. 28 is that the rotary transformer 
does not transmit d-c components of current, and therefore, as in the 
circuit of Fig. 26, a means of starting each saw-tooth sweep of the current 
wave from zero is needed. Clamper tubes are not readily used in the 
low-impedance defleetion-coil circu; thus other methods of centering the 
sweep are employed. In one niethod, the indicator spot follows a line 
from near one side of the screen through the center point and to the 
opposite side, and this line rotates about the center point. To obtain 
correct presentation, the transmitted pulse is delayed after the start of 


Apa: 12] APPLICATIONS OF SYNCHROS 305 


the sweep until the indieator spot reaches the center of the screen, and 
the indieator tube is blanked during the portion of the sweep before the 
transmitted pulse. In another method, each saw-tooth current pulse 
generated in the driver tubes is followed by a reetangular pulse of opposite 
polarity having the same area as the saw-tooth wave. Because the saw- 
tooth and reetangular areas balanee, the zero axes of the rotary-trans- 
former output waves coincide with the base line from which the saw-tooth 
and pulse waveforms rise, and the sweep begins at. the center of the indi- 
cavor screen. 

The rotary transformer, like a pulse transformer (Art. 20, Chap. I), 
distorts the waves of voltages it transmits beeause of leakage inductances, 
magnetizing mductance, and winding capacitances. Because of the air 
gap between rotor and stator, the ratio of magnetizing inductance to 
leakage inductance for a rotary transformer cannot be made as high as 
for a fixed-ratio transformer. Consequently, appreciable distortion of 
the sweep-voltage waveforms by the rotary transformer is to be expected. 
The nonlinearities of the range sweep that result do not matertally 
decrease the usefulness of plan-position indicators because auxihary cir- 
cuits are always employed for accurate ranging. 

A rotary transformer having two stator windings with perpendicular 
axes may be thought of as a special computing device for resolving a 
vector into components along perpendicular lines in the plane of the 
vector. The voltage / supphed to the rotor is made proportional to 
the length of the vector, and the rotor angle @ is adjusted to indicate the 
direction of the vector relative to perpendicular coordinate axes. The 
stator-coil voltages are then / sin 6 and & cos @ and indicate the vector 
components parallel to the coordinate axes. In the fixed-coit Type P 
indicator, the rotary transformer may be considered to be such a com- 
puting device. The vector resolved is the displacement vector for the 
indicator spot, for which length is proportional instant by instant to 
range and direction is specified by the antenna azimuth angle. Rotary 
transformers are used in a similar way in the height-range indicator (see 
Fig. 6, p. 226), in which height is plotted vertically and range horizontally 
on the indicator screen. . From the range and elevation angle, the height, 
which is range times the sine of the elevation angle, can be computed by 
means of a rotary transformer. In many other radar-indicator circuits 
and in computing circuits associated with radar equipment, rotary trans- 
formers are used to determine the components of vector quantities. 


B. SERVOMECHANISMS 


One means of causing an output shaft to follow the arbitrary motion of 
an input shaft is the synchro generator-motor system of Art. 1. Another 
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means 1s the servomechanism! or servo. Synchro systems can operate 
between shafts separated by a considerable distance but cannot supply 
torque amplhification—the torque delivered to the load can never exceed 
the input torque. Tor this reason and because the error angle increases 
when large torques are transmitted, synchro systems are employed only 
to turn dials and pointers, move control valves, and actuate other low- 
torque loads. Servo systems, on the other hand, can supply the large 
torques required to move heavy loads, such as radar antennas, and ouly a 
very small torque need be apphed to the input shaft. Remote operation 
is not inherent in the servo system but may be obtained if data-trans- 
mission devices (usually synchros) are made part of the servo system. 

13. Components of Servo Systems. A servomechanism comprises an 
error tndicator and a controller connected to the input and output shafts in 
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Fig. 29. Basic servo system. 


the manner shown in Fig. 29. The object of the servomechanism is to 
cause the output shaft to repeat the motion of the input shaft by main- 
taining the error angle (deviation in angular position of output shaft from 
that of input shaft) as near to zero as possible. The error indicator 
determines the magnitude and direction of the error angle. Under con- 
trol of the signal from the error indicator, the controller exerts a torque on 
the output shaft in a direction to reduce the error. The servo is a closed- 
cycle or feedback system, because a signal applied to the controller causes 
rotation of the output shaft and thus changes the error angle with the 
result that an additional signal is applied to the controller. 

The error indicator and controller may take a wide variety of forms. 
Lhe controller must include a servo motor or device for developing the 
output torque. Most radar servos use electric servo motors, but in asso- 
ciated equipment hydraulic and pneumatic devices are often employed. 
Servos are classified as electrical, h&draulic, pneumatic, or mechanical in 


XN 


1H. L. Wazen, “Theory of Servomechanisms,” J.FI., 218 (September, 1934), 
279-331; H. M. James, N. B. Nrcuons, and R. S. PurtLturps, Theory of Servomechanisms 
(McGraw-Hill Book Company, Inc., New York, 1947); G. S. Brown and D. P. 
CAMPBELL, Principles of Servomechanisms (John Wiley & Sons, Ine., New York, 1948). 
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accordance with the type of servo motor used. The controller often con- 
tains, in addition to the motor, a power amplifier to enable the weak 
signal from the error indieator to control the large amounts of power sup- 
phed to the motor. The error indicator is most frequently a synchro. 
In electrical servos, a svnehro generator and control transformer are con- 
nected mechanically to the input and output shafts. The control trans- 
former is then the error indicator, its rotor voltage serving as input signal 
for the controller. In hydraulic or pneumatic servos, synchro gencrators 
may be driven by the input and output shafts and the two generators 
connected electrically to a differential motor. The motion of the rotor 
of the differential is an indication of the error and may be used to operate 
the control valve of the servo motor. Alternately, a control transformer 
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Fie. 30. Block diagram of an electrical servo using a control transformer as an error 
detector. 


may be used as in an electrical servo, the rotor voltage being amplified 
and used to operate a magnetic device that controls the valve. 

The most used servo in radar applications is the electrical servo with 
control-transformer error indicator. A block diagram of this servo is 
drawn in Fig. 30. If a d-c motor is used in this system, the amplifier in 
the figure must include a means of rectifying the alternating voltage from 
the synchro together with a means of increasing the power level. If an 
a-c motor 1s used, an a-c amplifier is required. 

The amplifier of I-ig. 30 1s not necessarily an electronic device. In very 
low-power servos, vacuum tubes are used to supply power to the servo 
motor, but in larger svstems, the power required by the motor is greater 
than ean conveniently be produced by high-vacuum tubes. Sometimes 
thyratrons operated as grid-controlled rectifiers are employed to supply 
the motor power, but more often in the large d-¢ motor servos, special d-c 
generators are used. Vacuum tubes supply small field currents for the 
generators, and the generator output voltages are controlled by these 
currents. 
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14. Servo Using Ward-Leonard Control System. An example of a 
servo using a d-e motor to turn an antenna in accord with the movements 
of a hand crank is givenim lig. 31. In order to supply sufficient power to 
operate the servo motor, the amplifier in this system comprises two d-e 
generators in addition to the vacuum-tube circuits of the servo-amplifier 
unit. Jf any error exists between the angular positions of the hand 
crank and antenna, an error voltage is applied by the synchro control 
transformer to the servo-amplificr. The output of the servo-amplifier is 
a direct field current for the small d-c generator.called an exciter. The 
output of the exciter 1s a larger direct current applied to the field winding 
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Ira. 31. Antenna-control servo using Ward-Leonard system. 


of the main d-c generator. The output of the main generator is a direct 
current large enough to operate the servo motor. Thus existence of an 
error causes the motor to turn the antenna in the direction to correct the 
error, and the antenna is made to follow movements of the hand crank 
accurately. 

Because the motor must be capable of turning the antenna in either 
direction, the output of cach generator must be reversible in polarity. 
The servo-amplifier output current must therefore reverse in direction 
when the error reverses. Se 

The Ward-Leonard connection of-two d-c generators in cascade is com- 
monly used in industry for speed control. The tiwo generators are 
coupled to the same shaft and are driven by a constant-specd, a-c or d-e, 
motor. Because the power obtained from cach generator armature is 
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much larger than the field power required for control, the gencrators 
may be considered as dynamo-eleciric power amplifiers. The source of 
the generator output power is the mechameal power supplied by the 
constant-speed motor, this prime mover bemg analogous to the plate 
power supply mina vacuum-tube amplifier. 

15. Direct-current Servo Motor. The essential features of the d-e 
servo motor in Fig. 31 are shown in the cross-section drawing and sche- 
matic diagram of Fig. 382. The machine has a stationary field structure 
made of iron and a rotating armature built up from iron lamimations. 
The field and armature eaeh carry a winding; connections to the armature 
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winding are made through brushes riding on the commutator, which is a 
copper ring separated into segments insulated from one another. 

If a current is sent through the field winding in the direction of the 
leg ALTOW, & Magnetic flux is established along the paths indicated by ®, 
and north and south field poles are produced at the positions marked N 
and 8. 

The armature winding is arranged as a coil with its axis perpendicular 
to the field-flux lines. When the armature-terminal current is in the 
direction of the temature arrow, current in the dot-marked armature con- 
ductors is directed out of the page and current in the cross-marked con- 
ductors is directed into the page. These currents magnetize the arma- 
ture, producing the poles N’ and 8’. 

The magnetized armature turns in a clockwise direction, because it 
tends to align itself with the field flux. As the armature turns, the com- 
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mutator acts as an automatic switch to reverse currents in the armature 
conductors, one at a time, and to maintain constant the location of 
armature currents with respect to the field poles. Thus continuous 
torque is obtained during rotation. For constant field strength, the 
torque produced is proportional to the armature current and reverses in 
direction when the armature current is reversed. The direction of the 
torque is also reversed if the field current is reversed without changing the 
direction of the armature current. 

Motion of the armature conductors through the field flux induces in 
them a voltage called the armature induced voltage or counter electromotive 
force. ‘The induced voltage is in a direction to oppose the flow of arma- 
ture current and has a magnitude proportional to the product of field flux 
and speed of rotation. The impressed voltage at the armature terminals 
exceeds the induced voltage by the voltage drop produced by the arma- 
ture current flowmg through the armature resistance. That is, 


Terminal voltage = induced voltage + armature-resistance voltage drop 


or 
e, = kbn + 12,R, (Z) 

where 

e, is the armature terminal voltage, 

kK is a constant of proportionality, 

® is the field flux, 

nis the motor speed, 

tq 1s the armature current, 

fk, is the armature resistance. 


The armature resistance is lov—only a small fraction of an ohm in large 
machines—and in operation at normal speeds the resistive voltage drop 
is so small that the armature terminal voltage very nearly equals the 
induced voltage. 

Because the armature resistance is low, the field flux and armature 
terminal voltage determine the speed of rotation. Application of a 
mechanical load tends to slow the motor and to reduce the induced volt- 
age. Asa result, a larger armature current flows and an increased torque 
is available to accelerate the load and maintain the induced voltage 
nearly equal to the terminal voltage. To show the effect of armature 
voltage and field flux on speed, Eq. 2 may be rewritten as 


\ r eS 
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According to iq. 3, the motor speed is very nearly proportional to the 
armature voltage if the field flux is maintained constant. If the armature 
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voltage is held constant, the speed varies inversely with the flux; that is, 
an inerease of field current causes a decrease of speed. 

In the servo system of Vig. 31, the armature voltage of the servo motor 
is controlled by the Ward-Leonard svstem, and the field current is main- 
tained constant. ‘This system is rugged, can supply large amounts of 
power, and can produce large torques to change the load speed quickly. 
It has the disadvantage that the large armature power of the motor is 
controlled instead of the much smaller field power. 

Another system emploved with relatively low-power servos uses a 
vacuuin-tube servo-amplifier to control the field current of a d-c motor. 
The armature cannot then be supplied with a constant voltage, because 
1t would become essentially a short circuit across the line each time the 
freld current is reduced to zero. Instead, special circuits are used which 
supply a nearly constant current to the armature with the result that a 
torque approximately proportional to field current is obtained. 

Sometimes low-power servos employ d-ec motors with permanent- 
magnet fields. The armature is then supplied from a dynamo-clectric 
amplifier, such as the Ward-Leonard generators. The permanent-mag- 
net motor avoids the necessity of a separate ficld-current supply, but it 
has the disadvantage of being somewhat larger than an ordinary motor of 
equal power rating. Armature reaction—that 1s, magnetization of the 
armature and parts of the field structure caused by armature current— 
has a tendency to demagnetize the permanent magnets. To cancel the 
held of the armature in the region of the permanent magnets, a com- 
pensating winding 1s placed in slots in the pole faces and is connected in 
series With the armature winding. Each armature conductor under a 
pole face has a compensating-winding conductor close to it that carries an 
equal current in the opposite direction. Current should never be sent 
through the armature of a permanent-magnet motor unless the com- 
pehsating winding 1s connected in series with it. 

Direct-current generators, for example, those in the Ward-Leonard 
system, are exactly lke d-c motors in construction; m fact, a single d-c 
machine may be used as either motor or generator. If field current is 
supphed to a d-c machine and the armature is rotated, the armature 
induced voltage may be used as a source of electrical power. Txcept for 
the small resistive drop in the armature, the terminal voltage is propor- 
tional to the product of field flux and speed of rotation; that is, 


e, = kon — 7,R, (4) 


Current drawn from the terminals of a generator causes a torque exactly 
as in a motor, and this torque places a mechameal load on the machine 
that drives the generator. Thus the source of the electrical power 
obtained from a generator is the mechanical power applied to its shaft. 
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16. Phase-sensitive Rectifiers. he servo-amplifier of Fig. 31 con- 
tains vacuum-tube circuits that amplify and rectify the a-c error signal 
from the control transformer, amphfy the resulting direct current, and 
apply the output to the field winding of the exciter generator. The 
rectifier component of the servo-amplifier is called a phase-sensztive 
rectifier because 1t produces a direct voltage or current the polarity of 
which reverses when the phase of the control-transformer voltage reverses. 
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Fig. 33. Servo-amplifier for servo of Fig. 31. 


The circuit of Fig. 334 can be the entire servo-amplifier if the power 
requirements of the exciter field are small. This circuit amplifies the 
error signal and provides phase-sensitive rectification. Two triodes are 
connected in push-pull and supphed with plate voltage directly from the 
a-c line, the two plate voltages being in phase with each other. The two 
grid voltages are obtamed from the&synchro control transformer and are 
180 deg out of phase with each ‘other. Because the synchro system is 
operated from the same a-c line as the servo-amplifier (see Fig. 31), each 
grid voltage is either in phase or 180 deg out of phase with the plate 
voltages. 
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Waveforms of grid voltage for one direetion of error and of plate supply 
Voltage are shown in Pig. 332. Plate currents can flow only during the 
halt eyele in which the plate voltages are positive: therefore pulses of 
eurrent are obtamed as shown in the figure. The dotted lines used as 
axes for the sine waves of grid voltage represent the eathode-bias voltage 
produced by the average plate current flowing through resistor x. 

If the error voltage is zero, the pulses of current in Wy and J’. are the 
same. The center-tapped field winding of the exeiter is connected so 
that the two plate currents tend to magnetize 1t in opposite directions. 
Thus no field is produced in the exeiter when balanced currents flow. 
For an error voltage m one direetion, the grid-voltage waves indicated 
by e-. and e.2m ie. 3832 are obtained. Asa result, the current in tube Vy 
is made greater than that in tube Ve and a magnetization of the exciter 
field is produced by the difference of the currents. If the error signal is 
reversed in polarity, tube Vs draws the greater current and the direction 
of the exciter field flux is reversed. 

Resistors /t,, and A. are large resistors used to limit grid current. 
When the error angle is large, the peak voltage at the grid-transformer 
terminals 1s much greater than the bias voltage, and excessive grid cur- 
rent would result if the resistors were not present. 

Resistors R, and Re are necessary beeause of the high inductance of the 
field winding. If these resistors were omitted, the field currents would 
be very small, because little current could be built up in the large minduct- 
ances durmg the short conduction period of the tubes. With the resistors 
present, a little current builds up durmg the first conduction period, and 
the current increases in small steps during succeeding conduction periods 
—during the cutoff periods of the tubes the field currents flow through 
field winding and resistors. <A steady-state condition 1s reached m which 
the field current is nearly steady but which mereases and decreases a 
little as the tubes conduct and are cut off. Another reason that resistors 
R, and FR» are required is to protect the msulation of the field windings. 
Without the resistors, extremely high voltages would appear across the 
field coil each time the tube current is suddenly cut. off. 

The lower the values of 2; and /?2 are made, the more nearly steady the 
field currents become and the lower ts the inductive-1mpulse voltage that 
can appear across the field windings. Jéxcessively small values of /t; and 
Rs, however, reduce the amount of the field current by providing a shunt 
path for plate current of the tubes. Furthermore, small values of (ty and 
Re increase the delay in the response of the circuit to a sudden change m 
the error; the currents in the tubes change immediately, but the currents 
in the field-circuit inductance require several cycles of operation to reach 
their new values. 

Frequently, filter capacitors are used instead of resistors ?, and Re. 
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The capacitors provide a similar, but somewhat greater, smoothing action 
and permit larger average field currents to be obtained. On the other 
hand, they produce a greater lag in the response of the circuit. 

If somewhat more power is required by the exciter field, a push-pull d-c 
amplifier may be placed between the phase-sensitive rectifier and the field 
winding. The phase-sensitive rectifier may have the circuit of Fig. 334, 
with the field windings replaced by parallel R-C’ loads. Relatively 
smooth direct voltages are then obtained across the load impedances. 
The direct coupling required in such a circuit makes it impossible to 
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operate the cathodes of both stages near ground potential. Conse- 
quently, the circuit of Fig. 33.1 is frequently replaced by one of the 
cathode-loaded phase-sensitive rectifiers of Fig. 34. Operation of the 
circult of Fig. 384A is the same as that of a plate-loaded circuit. The 
circuit of Fig. 346 is like the eathode-follower-connected detector (see 
Art. 27, Chap. VI). In this circuit the direct cathode-to-cathode voltage 
cannot exceed the peak value of the appled alternating grid-to-grid 
voltage. 

Diodes instead of triodes may beSused in phase-sensitive rectifiers as 
shown in the circuit of Fig. 35: The reference voltage must be 
obtained from the same a-e line that supplies power to the synchros. 
When the error 1s zero, both diodes rectify the reference voltage and no 
direct voltage appears between output terminals. Existence of an error 
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causes a greater voltage to be applied to one diode and a smaller voltage 
to the other; an unbalance of the rectifier output voltages results. 
In all phase-sensitive rectifiers for servos, a compromise must be made 
in the choice of filter clements. Large capacitances or inductances are 
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Fre. 35. Phase-sensitive rectifier using diodes. 





needed to smooth the output voltage adequately, yet small elements 
should be used to allow the output voltage to change suddenly to follow 
sudden changes of the input. As explained in Art. 21, sluggish response 
in the controller of a servo increases the tendency of the system to 
oscillate. 
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ic. 36. WKeved rectifier. 


A form of phase-sensitive rectifier that provides especially fast response 
with httle ripple is the keyed rectifier of Fig. 36. In Fig. 386A, the refer- 
ence-voltage sine wave is applied to the grids of triodes Vy and JV, 
through R-C grid-leak-bias circuits. A large bias voltage 1s produced so 
that the tubes are cutoff during most of the cycle. On one peak of the 
reference-voltage cycle, the two tubes are simultaneously capable of con- 
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duction. Therefore, at the conduction instants, capacitor C is charged 
or discharged until its voltage is nearly equal to the instantaneous error 
voltage from transformer 7}. Two tubes are used so that the voltage 
across C can be either raised or lowered by conduction in one tube or the 
other. After the brief conducting period for V; and Ve, capacitor C' is 
isolated from the remainder of the circuit and maintains a constant volt- 
age until the conducting period of the next cycle. 

The error voltage is either in phase or 180 deg out of phase with the 
reference voltage. Thus the keyed-rectifier output voltage follows the 
peak value of the error-voltage wave in the manner illustrated by the 
waveltorms of Fig. 366. Between times ¢; and le, tube V; conducts during 
positive peaks of the error-voltage wave and charges C' to the voltage of 
the peaks. In the time interval f2 to ¢3, the voltage across C decreases in 
steps, a change of voltage occurring once each cycle when C is discharged 
through V2 to the new and lower peak value of the error voltage. At 
time ts, the phase of the error voltage reverses so that negative instead of 
positive peaks occur at the conduction times. ‘Therefore, the output 
voltage continues to decrease through negative values until a steady 
voltage is reached at time ty. ‘The keyed rectifier provides a direct volt- 
age equal in magnitude to the peak value of the error voltage and of a 
polarity that reverses when the error-voltage wave reverses phase. ‘The 
ripple voltage is negligible except when the error voltage is changing. 

17. Amplidyne Servomechanism. Figure 37 shows the block diagram 
of a servomechanism that is identical with the one in Fig. 31, except that 
the two generators of the Ward-Leonard system are replaced by a single 
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rotating machine called an Amplidyne. The Amplidyne is a special form 
of d-e generator particularly useful in servomechanisms. 

The construetion of an Amphdyne is shown by the cross-section draw- 
ing of Hig. 88:4. The machine is similar to an ordinary d-c motor or 
eenerator, but the field poles are very short and wide and carry several 
different windings. Four brushes make contact with the commutator. 
Two of the brushes are m the positions of the brushes of an ordinary 
machine and are short-cireuited. The other two brushes he on a per- 
pendicular axis and are the output connections for the machine. The 
schematic representation of an Amplidyne is shown in Fig. 385. The 
Amplidyne generator is driven by a constant-speed motor. ‘To reduce 
the size and weight of the Amplidyne and the drive motor, a high speed of 
rotation (1,800 to 4,000 rpm) is used. 

The Amplidyvne may be considered as two d-c generators or dynamo- 
electric amplifiers combimed into one. The first ‘generator’’ or “stage 
of amplification’? ineludes the control-field winding and the short- 
circuited brushes. Current from the servo-amplifier sets up flux along 
the direct. axis of the machine (sce Vigs. 384 and C). Rotation of the 
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armature conductors through this flux induces a voltage in the con- 
ductors that causes a current to flow through the short-circuited brushes. 
Because the brushes are short-circuited, only a small control-field current 
is needed to produce a large current in the armature conductors and short 
cucult. ‘This current magnetizes the machine in a direction perpendic- 
ular to the control-field flux (as explained in the discussion of d-c motors, 
Art. 15) and produces the quadrature-axis flux indicated by dotted lines 
in Fig. 38C. Sometimes the brushes are connected to a low-resistance 
field winding on the quadrature axis, and this winding aids the armature 
reaction in setting up quadrature-axis flux. The first stage of amplifica- 
tion produces a quadrature-axis flux much greater than the original con- 
trol-field flux. 

The second stage of amplification makes use of the quadrature-axis 
flux and the output brushes. Because this flu is shifted 90 deg from the 
direct-axis flux, the voltage produced by rotation of the armature through 
the quadrature flux appears at brushes located 90 deg from the short- 
circulted brushes. These brushes may be used as output terminals to 
supply voltage and current to a load. The total amplification of power 
between the control field and output terminals varies from several 
hundred to several tens of thousands, depending upon the design of the 
machine. 

Lhe compensating winding shown in Figs. 384 and C is necessary in 
order that appreciable current may be drawn from the output terminals. 
Just as current in the short circuit magnetizes the machine along an axis 
90 deg from the control flux, so current in the output circuit tends to 
magnetize the machine 90 deg from the quadrature-axis flux along the 
direct axis in opposition to the control-field flux. Without the com- 
pensating winding, even a small output current would reduce the direct- 
axis flux almost to zero. To cancel the armature reaction of the output 
current, & Compensating winding like that used with a permanent-magnet 
motor 1s placed in slots in the pole faces and connected in series with the 
output brushes. ‘The compensating winding is arranged to cancel the 
magnetomotive force set up by output currents, but not to affect that 
caused by current in the short-circuited brushes. 

Armature reaction caused by output current is analogous to negative 
feedback In a vacuum-tube circuit. The compensating winding may be 
considered as positive feedback added to neutralize the degeneration. 
The amount of compensation must be exactly right. Undercompensa- 
tion produces poor voltage regulation: overcompensation yields a net 
positive feedback and may cause the flux and voltage to build up until 
limited by magnetic saturation. 

Because of the high amplification of the Amplidyne, even a small 
amount of residual magnetism in the direct axis of the machine can cause 
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an appreciable output voltage when the control-field current is zero. ‘To 
chminate the residual magnetism, a demagnetizing (“killer”) winding is 
sometimes provided on the direct axis of the field structure. It 1s sup- 
plied with alternating current from a generator mounted on the same 
shaft as the Amplidyne. 

18. Two-phase Induction Motor. Several types of a-c motors are 
useful for driving the output shafts of servomechanisms. The most 
mportant of these is the two-phase induction motor, which has wide 
appheation in low-power servos such as those used in computers and radar 
automatic-traecking and aided-trackine cireuits, and those used to turn 
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Fic. 39. Two-pole two-phase induction motor. 


deflection coils of plan-position indicators. To understand servomecha- 
nisms emploving induction motors, it is first necessary to know the 
characteristics of these motors. 

Figure 39 shows a cross section and a circuit-diagram representation of 
a two-pole two-phase induction motor. Stator and rotor are built of 
sheet-steel laminations. The stator has two similar windings, coil A and 
coil B, arranged to magnetize the machine m perpendicular directions. 
The rotor may carry either a short-circuited winding of wire or a squirrel- 
cage winding. The squirrel-cage winding consists of conducting bars in 
the rotor slots, the bars being short-circuited at each end of the rotor by 
conducting rings. 

The stator coils are usually supplied with alternating currents equal in 
magnitude but 90 deg apart in phase. Such currents may be obtained 
directly from a two-phase power system, or they may be obtamed from a 
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po 


single-phase source by means of a phase-shifting circuit, like that in Fig. 
096. As indicated in the complex-number diagram of Fig. 39C, the cur- 
rent /4 in coil A lags the apphed voltage # because of the inductance of 
the winding. Current /, leads / because capacitor C’ has a reactance 
oreater than the inductive reactance of coil B. Adjustment of the size of 
the capacitance changes both the phase and magnitude of Jz and allows 
the relationship of currents in Fig. 39C to be approximated. 

As a result of current in both coils, the total flux through the rotor core 
is constant in magnitude and rotates about the axis of the motor at a 
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Fig. 40. Rotating field in two-phase induction motor. 


speed determined by the frequency of the stator currents. The diagram 
of Fig. 40 shows how a rotating flux is produced. The top row of draw- 
ings in this figure shows the flux patterns in the machine at 90-deg 
intervals in the current cycle. When the phase angle is 0 deg, only coil -l 
carries current, and the flux is directed upward along the axis of coil 4. 
At 90 deg, only coil B carries current, and the flux is directed to the right. 
At 180 deg, the flux is directed downward because coil A carries current 
in the negative direction. The patterns in the top row show that the 
flux rotates one revolution for each cycle of the supply current. 

Flux patterns obtained at intermediate values of phase angle, when cur- 
rent flows in both coils, are given in the second row of Fig. 40. Because 
the turns of the stator coils are distributed in the slots in such a way that 
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the air-gap flux density varies sinusoidally with angle around the rotor, 
the flux remams constant In magnitude throughout its rotation, and the 
speed of rotation 1s constant. The relationships are sinular to those used 
to produce the circular sweep of a Type J indicator (see Art. 10, Chap. IV) 
or a rotating range trace in a fixed-coil plan-position indicator (see Art. 
22, Chagy TW). 

The speed at which the flux rotates is called the synchronous speed of the 
machine. For a two-pole motor operated from 60-ceps power, the 
svnehronous speed is 60 rps or 3,600 rpm. “The flux always turns past one 
pair of poles during each cycle of the stator currents. In a four-pole 
machine, for example, two cycles of supply current are required for each 
revolution, and the svnehronous speed is 1,800 rpm when 60-cps power is 
used. 

The direction of rotation of the flux is reversed if the terminal connec- 
tions of ezther stator coil are interchanged. ‘To see that this is true, 
redraw Fig. 40 with 74 or 7s (but not both) reversed in polarity. 

Rotation of the magnetie field past the conductors of the rotor induces 
voltages in these conductors, and currents therefore flow in the short- 
circuited rotor winding. The di- 
rections of rotor currents are indi- — RonioNton 
eated in Fig. 41 by dots and crosses 
for a particular instant during the 
rotation of the flux. (In the figure, 
rotor currents are assumed to be in 
phase with the rotor induced volt- 
age. This assumption is correct 
only when the rotor speed nearly 
equals the synchronous speed.) 
The letters N and 8 indicate the 
rotating north and south poles of 
the stator, and N’ and 8S’ represent 
the north and south poles of the 
rotor produced by rotor currents. Fie. 41. Relation of rotating flux to rotor 
The rotor is thus a magnet ‘ew -_ and torque in two-phase induction 
tends to align itself with the stator 
field; a torque is produced in a direction to make the rotor follow the 
rotating magnetic field of the stator. 

The speed of rotation of an induction motor is always less than the 
synchronous speed, because relative motion between rotor and flux 1s 
needed in order for voltages to be induced in the rotor winding. ‘Typical 
curves of torque produced as a function of speed are shown in Fig. 42. 
The torque varies with rotor speed because both the magnitude and the 
frequency of the induced voltage depend upon the speed of the rotor 





a2 SYNCHROS AND SERVOMECHANISMS [(CHap. V 


relative to the speed of the flux. Changes of rotor frequency change the 
resistance and reactance of the winding and the phase angle of the rotor 
current; changes of the phase angle of the rotor current shift the rotor 
an poles N’ and S$’ relative to the stator 
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RESISTANCE : 
ROTOR Induction motors commonly used 


in applications other than servo- 
mechanisms have  low-resistance 
rotors. These motors operate at a 
speed little affected by the load 
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SPEED — torque (see Fig. 42) and at high 


seeeo = s efficiency. Motors with high-resist- 
Pie... Torque-speed curves of induc- ance rotors, however, are hecessary 


tion motor. ; ; : 
In servomechanisms in order that 


the motor speed can be controlled smoothly. The maximum torque 
should occur at zero speed in a servo motor, in order to prevent a 
momentary increase in speed from producing excess torque and a tend- 
ency to overshoot and oscillate. 

19. Servomechanisms Using Two-phase Induction Motor. ‘he usual 
method of controlling an induction motor in a low-power servomechanism 
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Vie. 43. Servo using a two-phase induction motor with controlled voltage applied to one 
stator winding. 


is illustrated by the circuit of Fig. 48. The error voltage from the 
synchro control transformer is amplified and applied to coil A of the 
induction-motor stator, and a fixed alternating voltage 90 deg out of 
phase with the synchro voltages is applied to coil B. 

It the error is zero, the magnetic: flux in the induction motor is estab- 
lished by coil B alone and is an alternating flux the axis of which does 
not rotate. No torque is produced in the induction motor by such a flux. 
If an error exists, coil 4 carries current, and a rotating flux is produced 
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that drives the induetion motor in the direction to correct the error. 
Reversing the direction of error reverses the phase of the current in coil A 
and thus reverses the direction of rotation of the motor. 

The magnitude of the current in coil «A, of course, depends upon the 
amount of the error. The equality of currents in coils «lf and Bb assumed 
in Art. 18 therefore does not usually exist. As a result, the field in the 
induction motor varies i magnitude as it rotates. lor small error 
angles, the field has a maximum value at the instant of the evcle at which 
itis along the axis of coil B and a much smaller value when it 1s along the 
axis of coil A. Such a field is said to be elliptic, because 1t can be repre- 
sented by a rotating vector the tip of which traces an cllipse as the vector 
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Fic. 44. Servomechanism using two-phase induction motor with speed amplifier and 
direction relay. 


turns. Ifa motor with a high-resistance rotor is employed, the effective- 
ness of the elliptic field in producing torque is very nearly proportional to 
the minimum amplitude of the flux vector during its rotation. ‘Therefore 
the torque of the servo motor is roughly proportional to the error angle, 
and smooth control of the output shaft is obtained. 

Another method of controlling a two-phase induction motor is indi- 
cated in Fig. 44. The a-c power line is connected through the primary 
winding of a transformer to both stator coils of the induction motor, the 
90-deg phase shift being provided by capacitor C. For one direction of 
error, the direction relay is unenergized, capacitor C is in series with coil 
B, and the current in coil B leads that in coil A. For reversed error, the 
direction relay is energized by current from the direction amplifier, the 
capacitor is connected in series with coil A, and the current in coil A 
leads that in coil B. Thus the direction of rotation of the motor 1s made 
to reverse when the direction of the error reverses. 
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The torque of the motor is controlled by varying the current that can 
pass through the transformer in series with the motor. The secondary 
voltage of the transformer 1s applied between plate and cathode of an 
amplifier tube in the speed amplifier. When the error is zero, this tube is 
biased beyond cutoff, and the secondary circuit of the transformer is open. 
Consequently very little primary current can flow. When an error in 
either direction exists, the bias voltage is changed and the tube is allowed 
to conduct. A motor current dependent upon the amount of the error is 
obtained, and the torque increases as the error increases. 

20. Transient Oscillations in Servomechanisms. If the input shaft 
of a servomechanism is turned suddenly to a new position, the output 
shaft 1s often found to oscillate several times about its new position before 
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Pig. 45. Spring-coupled system analogous to a servomechanism. ; 


coming to rest. Such behavior may be understood if the servo is com- 
pared with the mechanical svstem of Fig. 45. 

he inertia and friction at the output shaft of the svstem in Fig. 45 cor- 
respond to the inertia and friction at the output shaft of a servo. The 
torque exerted by the spring on the output shaft in the hgure 1s propor- 
tional to the error angle between output and Input shafts and, therefore, 
1s analogous to the torque supplied by a servo motor, An Important 
difference between Fig. 45 and a servo is that in the figure the torque 
exerted by the spring on the output shaft equals the torque applied to 
the input shaft whereas torque amplification is obtained in a servo. 

The output shaft in Fig. 45 follows motion imparted to the input shaft. 
If, however, the input motion is erratic or jerky, the output shaft may be 
expected to oscillate somewhat abgut the position of the input shaft. 
The frequency of the oscillations 1s détermined by the stiffness of the 
spring and the inertia at the output shaft. The oscillations may be 
underdamped, critically damped, or overdamped, as in an R-L-C circuit 
(see Art. 18, Chap. I1), depending upon the amount of the output-shaft 
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friction. Similarly, the oseillations obtained at the output shaft of a 
servomechamism have a frequency dependent upon the mertia of the 
servo motor and load and upon the stiffness of the controller. “The 
amount of damping of the servo oseillations depends upon the friction at 
the output shaft. 

An idea of the nature of the response of a servomechanism may be had 
from the curves of ig. 46. The dashed-line plot of the input angle @; 
represents a step function or sudden displacement. of the input shaft from 
one position to another. ‘Lhe solid-line plot of the output angle 6, indi- 
cates the resulting motion of the output shaft, the various curves being 
drawn for different amounts of friction at the output shaft. Tf httle 
friction is present, the oscillations begin with large amphtude and die 
away slowly, as mn curve cl. Increasing the friction causes the rate of 
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Fic. 46. Response of a servo to a sudden displacement of the input shaft. 
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decay of the oscillations to imcrease and the amount of overshoot to 
become less; also the frequency of oscillation decreases somewhat. 
Critical damping is obtained when the friction is barely sufficient to pre- 
vent oscillation. With greater amounts of friction, the output angle 
approaches its final value slowly and without oscillation. 

21. Sustained Oscillations in Servomechanisms. The mechanical 
system in Fig. 45 is not completely analogous toa servomechanism. Ifa 
step function of angle is applied to the spring-mass system, oscillations of 
the output shaft may result, but the oscillations must always die away. 
During oscillation, energy is transferred back and forth between the 
kinetic energy of the rotating mass and the energy of the stressed spring, 
and some energy is lost because of friction. The oscillations must 
decrease in amplitude, because no source of energy is present. In a 
servomechanism, however, the controller is a power source and under 
certain conditions may supply the energy dissipated by friction forces. 
Thus oscillations of constant amplitude may be sustained. Oscillatory 
motion of a servomechanism is often referred to as hunting. 
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Whether or not a servomechanism can sustain oscillations depends 
upon whether or not a delay exists between the time that an error occurs 
and the time at which a torque is applied to correct the error. If the 
controller supphes a torque proportional to the present error, the forces 
acting on the output shaft are the same as those acting on the output 
shaft of Fig. 45, and oscillations cannot be sustained. The curves of 
Fig. 46 apply to such a system. Curve A from Fig. 46 is redrawn in 
Ig. 474 with arrows to indicate the direction in which the controller 
torque urges the output shaft. Note that the torque reverses when the 
error reverses and is at every instant in the correct direction to reduce 
the error. If the controller supplies a torque proportional to pasé error, 
as in Fig. 47B, the torque is in the direction to increase the error for a 
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Fig. 47. Effect of delay time in controller. 


short period after the zero-error position is crossed. This wrongly 
directed torque tends to increase the overshoot in each cycle of the oscil- 
lation, and if the delay is sufficient, it may cause the oscillations to eTOw 
to large amplitude instead of decaying. 

Lhe diagrams of Fig. 48 show more details of the relationships involved 
in a sustained oscillation. Assume that the input shaft is held stationary 
with 6; = O and that because of delay in the controller the output shaft is 
oscillating sinusoidally at constant amplitude. The output and error 
angles are then sinusoids, as are the output velocity and acceleration and 
the controller torque. Each of these quantities may thus be repre- 
sented by complex numbers, and the diagrams of Fig. 48 may be used to 
show the phase and magnitude relationships, Lhe output angle @, is 
taken as the reference sine wave and drawn in the zero-angle position in 
Wig. 48A. The error angle 6, = 6; — 6, is equal to — 4, and is drawn in 
the 180-deg position. The angular velocity w, of the output shaft is the 
derivative of 6. Since the derivative of sin 2aflis 2rf cos Zaft, w, leads 6, 
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by 90 deg and has an amplitude proportional to the frequency, as indi- 
eated in Fig. 48:1. Similarly, the output angular acceleration a, (the 
derivative of wo) leads @ by 180 deg and is proportional in amplitude to 
the square of the frequency. 

In order that oscillations may be sustained, the controller must supply 
the torque required by the frietion and inertia at the output shaft. Hf 
viscous friction is assumed, the frietion torque is at every instant propor- 
tional to the velocity of the output shaft and therefore is in phase with 
w,, as indieated by 7 in Fig. 488. The inertia torque is proportional at 
cach instant to the aeceleration of the output shaft) and is therefore 
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Fic. 48. Phase relations during sustained oscillations in a servomechanism. 


represented by 7’. in the figure. The resultant of 7, and 7’, 1s the torque 
T. that the controller must supply. 

The relationship of the controller torque to the error angle is shown in 
Fig. 48C. Because of friction torque, T. must lag @. by the angle ¢. 
Therefore, delay in the controller is necessary 1f sustained oscillations are 
to be possible. 

The frequency of the sustained oscillations depends upon the inertia at 
the output shaft and upon the gain and delay time of the controller. ‘The 
acceleration torque 7’, is proportional to a, which in turn 1s proportional 
to the square of the oscillation frequency. Therefore, the oscillation fre- 
quency is determined by the requirement that 7. must equal the com- 
ponent of 7’. along a horizontal axis in Hig. 48. This requirement may be 
used to show that the frequency of oscillation is increased (1) by increasing 
the gain of the amphfiers in the controller (which increases the constant 
|; in Fig. 48C) or (2) by decreasing the inertia at the output shaft (which 
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decreases the amount of torque 7, obtained for a given output accelera- 
tion a). ‘The frequency is also somewhat increased if the delay time of 
the controller 1s decreased, thereby decreasing the lag angle ¢ in Fig. 48C. 

The possibility of sustained oscillations depends upon the friction at 
the output shaft and upon the gain and delay time of the controller. For 
sustained oscillations to exist, the component of 7’, along a vertical axis 
in Fig. 48 must equal the friction torque 7. If this component of 7. 
1s less than 7',, then the energy supplied by the controller is less than that 
dissipated by friction, and oscillations die away. If the vertical-axis 
component of 7’, is greater than 7’, oscillations grow in amplitude until 
the controller output is reduced by overload to the value needed to sus- 
tain oscillations. Examination of Fig. 48 shows that sustained oscilla- 
tions may be prevented by (1) increasing the friction at the output shaft, 
(2) decreasing the gain of amplifiers in the controller, ! or (3) decreasing 
the delay time of the controller. 

22. Antihunt Devices. Because there is always some delay in the 
controllers of servomechanisms, all servos will oscillate persistently if 
the gain of the amplifier in the controller is made sufficiently high. The 
highest possible gain is always desired, because high gain increases the 
speed of response by increasing the resonant frequency of the system and 
because high gain minimizes errors caused by load torques and miscel- 
laneous effects, such as residual magnetism in an Amplidyne and unbal- 
ance of the two tubes in a phase-sensitive rectifier. Accordingly, special 
devices or networks are often included in servomechanisms which permit 
the gain to be increased without sustained oscillations occurring. Such 
damping or antihunt devices permit high gain and nearly critical damping 
to be realhzed simultaneously and therefore improve the performance of 
servomechanisms. 

Mechanical Friction. Since sustained oscillations may be prevented 
by making the friction torque 7’, in Fig. 48 greater than the vertical-axis 
component of the controller torque 7, an obvious method of stabilizing 
a servo system is to increase the mechanical friction at the output shaft. 
By sufficiently increasing this friction, not only can oscillations be pre- 
vented but also any desired degree of damping can be obtained. 

For two reasons large amounts of mechanical friction are seldom used 
to damp servomechanisms. One reason is that such damping is very 
wasteful of power. The servo motor must produce many times the 
power required to turn the load—most of its output is converted into 


' The torque 7’, does not remain constant when the factor / is changed. If k and 
therefore 7’. are reduced by a factoMof 4, for exaniple, 7’ 18s also reduced by 4+ and the 
frequency of oscillation by 4/4 = 2. Consequently, 7, is reduced by A factor of 2. 
However, because the vertical-axis component of 7’. varies in direct proportiou to k 
while 7’, varies as +/k, oscillation can be prevented by reduction of k. 
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heat by the damping friction. ‘The other reason is that velocity errors are 
increased by the friction; that is, the friction increases the angle by which 
the output shaft lags the input shaft when both are turning at constant 
speed. Phe damping friction causes a torque at the output shaft, and an 
error is required to make the servo motor supply this torque. 

To avoid the velocity error and to reduce the power consumed by tric- 
tion, inertia dampers like those used on synchro motors (see Art. 5) are 
sometimes employed. These devices can be used only on small, low- 
power, servo systems, however, for the inertia of the damping device must 
be considerably larger than that of the servo motor and tts load. 

Ilectrical Damping of D-c Motor. Beeause of the voltage generated in 
the armature conductors of a d-e motor durme rotation, electrical damp- 
ing is obtained in servo systems that control the armature voltage of the 
motor. Consider, for example, the Amplidyne servo of Tig. 37, and 
assume that the servo-amplifier is disconnected from the Amphdyne so 
that no voltage is generated in that machine. If the motor armature 1s 
rotated, a voltage is generated in its conductors, and this voltage causes 
current to flow in the motor and Amplidyne armatures. ‘The armature 
current causes a torque that opposes the rotation of the motor and 1s 
proportional in magnitude to the speed of rotation. The torque is related 
to the motion of the output shaft in the same wav as is the torque ol 
mechanical friction; thus an effect equivalent to mechanical damping 1s 
obtained electrically. When the servo loop is closed, two voltages in 
series send current through the Amplidyne and motor armatures. One, 
the voltage generated in the Amplidyne, causes errors to be corrected; the 
other, the voltage generated in the motor, causes damping. 

To obtain maximum damping effect from the motor induced voltage, 
the armature resistance of the motor and the output resistance of the 
machine or amplifier that supplies power to the motor should be made as 
small as possible. Frequently, a negative-feedback circuit 1s employed 
to reduce the output resistance of the source of motor power. 

A typical negative-feedback antihunt circuié is shown in Fig. 49 applied 
to an Amplidyne servomechanism. Assume, first, that capacitor Cin the 
feedback circuit is short-circuited. The feedback is negative because 
connections are made so that the part of the Amplidyne voltage fed back 
opposes the effect of the error signal in unbalancing the currents of the 
tubes. If, for example, the error-signal voltage applied to V1 is In phase 
with the plate supply voltage, so that the plate current of V7; 1s greater 
than that of Ve, the Amplidyne voltage has the polarity marked on the 
figure and the feedback voltage tends to reduce 2%; and to increase 2pe. 
As in a cathode follower, the negative feedback makes the output voltage 
of the Amplidyne very nearly independent of the output current, which 
is equivalent to making the output resistance low. If a large current 1s 
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drawn from the Amplidyne, causing the output voltage to decrease a 
little, the feedback voltage is decreased and a greater difference of con- 
trol-field currents 1s produced, which minimizes the decrease of output 
voltage. By means of this antihunt circuit, the Amplidyne output 
resistance may be reduced to such an extent that the damping currents 
are limited almost entirely by the armature resistance of the motor. 
This form of electrical damping has an advantage over mechanical 
friction in that waste of the motor power is avoided. It has the same dis- 
advantage as friction damping, however, in that-a velocity error is pro- 
duced. ‘Thus in the circuit of Fig. 49 (with C short-circuited), if the 
input and output shafts are turning at constant speed, the Amphdyne 
must supply to the motor a direct voltage proportional to the speed. The 
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Ire. 49. Negative-feedback antihunt circuits for Amplidyne servomechanism. 


part of this voltage fed back to the input of the servo-amplifier opposes 
the error signal and makes a greater error signal necessary to maintain 
an unbalance of currents in V,; and Vo. 

The velocity error may be avoided by use of capacitor C, as in Fig. 49. 
This capacitor and the resistors Ry and R» are large, so that at the fre- 
quency for which oscillation might occur the antihunt voltage is fed back 
almost as though the capacitor were short-circuited. In a steady-state 
motion, however, the Amplidyne voltage is constant and is blocked by 
the capacitor. The antihunt circuit is analogous to the inertia damper in 
that damping forces are produced when they are needed to prevent oscilla- 
tion and are removed in constant-speed rotation to prevent velocity 
CITors. \- 

In a servo using an antihunt circuit of this kind, the gain of the servo- 
amplifier is usually made high enough to cause sustained oscillations when 
no antihunt voltage is used. The oscillations can be stopped by applying 
the antihunt voltage, that is, in the circuit of Fig. 49, by moving the tap 
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on Ry upward from the bottom. If, however, the tap is raised too far, a 
new kind of oscillation at a much higher frequeney than the hunting 1s 
often obtained. ‘This type of oscillation results because the servo-amph- 
fier, Amplidyne, and antihunt circuit form a closed feedback loop. This 
closed cireuit, like any other negative-feedback amplifier, will oscillate 
the feedback is made sufficiently great. At some relatively high fre- 
queney, sufficient phase shift occurs in the servo-amplifier and Amphdyne 
to eause the feedback to be positive. 

Lead Networks and Derivative Control. The mechanical-iriction and 
eleetrical-damping antihunt systems increase the damping forces appled 
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to the output shaft in order to make possible a high gain of the servo- 
amplifier without excessive tendency of the servo to oscillate. An alter- 
nate method of obtaining high gain without oscillation is to decrease the 
delay in the controller. To this end controller components having the 
smallest possible inherent delays are chosen, and sometimes lead networks 
are inserted in the controller. A lead network produces a leading phase 
shift of the error signal within the band of frequencies in which oscillation 
is possible. Thus the lead network compensates for the phase lag in 
other parts of the controller. 

The circuit diagram of a simple lead network is drawn m Fig. 504. 
Resistor Rois assumed to be very small so that the voltage across , and 
C can be taken to equal e;. Thus the current through resistor ft, 
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1s proportional to the input voltage, and the current through C, 


de; 


te = Ue 


Is proportional to the derivative of the input voltage. The output volt- 
age ¢, is the voltage produced across Ry by the sum of ig; and Ze, 


de; ie , ae; 
a rot re it) R ic oe e) 


and contains two parts, one proportional to the input voltage and the 
other proportional to the derivative of the input voltage. A servo in 
which the error voltage is sent through a lead network is therefore said to 
have proportional plus derivative control, or crror plus error-rate control. 
Sometimes, instead of a lead network, a device sensitive to the derivative 
of the error is included in a servo, and the derivative output added to the 
proportional output of the error detector. The total control signal is 
then of the same nature as the signal obtained by use of a lead network. 

According to Eq. 5, the lead network has the effect of attenuating the 
input signal greatly (Re/ Ry} is much less than 1) and of adding the term 
RiC de,/di to e;. This added term advances the wave of e; along the time 
axis by the time interval RC, as illustrated in Fig. D056, provided the e; 
wave does not contain very abrupt changes. In the figure, an e; Wave is 
assumed for which the derivative de;/dt does not change appreciably im 
any time interval of duration RiC. For such a wave, the quantity 
RC de;/dt of Eq. 5 is very nearly equal to the change of e; in the interval 
fiC. Thus at the instant ¢,, the voltage ce; + RiC de;/dt has the same 
value as e; has at the instant é; + RC. The condition that the deriv ative 
of the ce; wave must not change too abruptly is the same as the require- 
ment that the wave must not contain Fourier components of too high 
frequency. If iC is sufficiently short, the band of frequencies in which 
the lead is produced is wide enough to include the frequeney of possible 
oscillation, and the lead network can compensate for lag in other parts of 
the servo. 

The lead network of Fig. 50:1 is called a d-c lead network, because it 
operates upon a direct voltage, the magnitude and sign of which depend 
upon the error. A different network is needed in servomechanisms like 
that of Fig. 43 in which a two-phase induction motor is used. Such 
servos require a-c lead networks, thapis, networks which operate upon an 
a-¢ wave modulated by the error signal. A possible error voltage from a 
control transformer is drawn in Ig. 51; it is a power-frequency wav e, the 
magnitude and phase of which idles the amount and direction of the 
error. ‘The desired output of an a-c lead network to which this error 
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voltage Is applied ts also drawn in Fig. 51. Note that the phase of the 
power-lrequeney wave remains unaltered (so that the phase relations of 
currents m the mduction motor are 


ATE Ng Pas . Mo 9 pots , ERROR - ERROR M T 
eorreet for preducing }a rotating — ERROR: ee QDUL ATION 
INPUT 7 








field) but the modulation envelope — toreao 
. : ; NETWORK 

representing the error is” shifted 

ahead by the lead time. 

The characteristics that. an a-e 
lead network must have to produce 
such an effeet may be seen if the Saaper | a ea 
error voltage 1s separated imto its 
smusoidal components. Suppose  ovrrur 
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that the error itself varies sinu- — setwork 
soidally ata low frequency. ‘The 
amphtude of the a-e error signal 
may be represented by 4, cos of, 
where w 1s the low angular fre- 
queney of the error varintion. If lire: 51. Iffect of an a-e lead network on 

; an a-c error signal. 

w, Is the angular frequeneyv of the 
synchro supply voltage, the control-transformer voltage applied to the 
lead network is 
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or, by use of a trigonometric identity, 
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¢; = COS (Wo + w)t + COs (ws — wit (6) 


Equation 6 shows that the error signal may be considered as the sum of 
the two side-band waves, the frequency of one being above the line fre- 
queney by an amount equal to the error frequency and the frequency of 
the other being below by the same amount. This wave is like the amphi- 
tude-modulated waves used in radio and radar (see Art. 4, Chap. VI), the 
power frequency corresponding to the carrier frequency and the error 
frequency corresponding to the modulating frequency. There are two 
important differences, however, between servo error signals and modu- 
lated radio waves: (1) The radio wave is the sum of a carrier wave and 
side-band waves; the error signal comprises only the side bands. Tor this 
reason the error signal is called a suppressed-carrier amplitude-modulated 
wave. (2) The actual values of frequencies in the error signal are tre- 
mendously lower than those in radio waves. For example, the error 
signal might be a 60-cps wave modulated by error frequencies of less than 
10 cps. 
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An r-f pulse is shown in Art. 4 of Chap. VI to have a frequency spec- 
trum like the spectrum of the video pulse forming its envelope, except 
that frequencies in the r-f pulse are measured up and down from the 
carricr frequency instead of up from zero. The spectrum of any modu- 
lated wave is related to the spectrum of its envelope in the same manner. 
Suppose an a-c error signal is impressed on an a-c lead network and a d-c 
signal representing the same error is impressed on a d-c lead network, 
both networks having the same lead time. The frequency spectra of the 
two input waves are the same except for the shift, due to modulation, and 
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(A) D-C LEAD NETWORK OF FIG. 50a (B) A-C LEAD NETWORK OF FIG. 55 


Ite. 52. Frequency characteristics of lead networks. 


the same relation is true for the spectra of the two output waves. Accord- 
ingly, the freyuency-response curve of an a-c lead network must be like 
that of a d-c lead network, except that modulation frequencies should be 
measured up and down from the carrier frequency, instead of up trom 
zero. igure 524 shows the amplitude and phase characteristic of the 
d-c lead network of Fig. 50, and Fig. 52B shows the corresponding 
characteristic of an a-c lead network. The minimum point in the 
amplitude-response curve occurs ’at the line frequency Wee 

An R-C network having the frequency response of lites 52 Barcanm@ be 
obtained by combining an R-C low-pass network with an R-C high-pass 
network. ‘The low-pass network of Fig. 53A has a frequency character- 
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istic (Fig. 53B) like the low-frequeney portion of the curve in Fig. 52B 
Vhe high-pass network of Fig. 54:1 has a frequency characteristic (lig. 
otb) lke the ngh-frequeney portion of the eurves in Fig. 525. If the 
two networks are combined as in Fig. 55:1, the frequency response 
obtained is that of Ihe. 528. At low frequencies 2 may be considered 
to be ashort circuit, as its resistance is small compared with the reactances 
of Cy and Ce; thus the network re- 
duces to that. of Fig. 538.4. At high 
frequencies Wy may be considered 
an open circuit, because its resist- 
anee is large compared with the | 
capacitor reactances; thus the net- © mi 
work reduces to that of Fig. 538. | 

In a-c lead networks C; 1s usually 

made equal to Cs, and the network 





(A) CIRCUIT DIAGRAM (6) FREQUENCY 


is usually drawn as a bridged T, as CHARACTERISTIC 
Wn Fig: Sage. Ire. 53. Low-pass ?-C network. 


The relationship of the network 
parameters to the line frequeney and to the lead time are indicated m 
Figs. 52B and 55B. Note that the slope of the phase-response curve 1s 
a measure of the lead time; in fact, this slope equals the lead time tf 
the curve is a plot of phase shift in radians against angular frequency in 
radians per second. Note also 
that, to produce a large lead time, 
the dip in the amphtude-response 
curve must be deep and have steep- 
ly sloping sides. Circuits with am- 
plitude-response curves having a 
dip at the line frequency produce a 
lead of the modulation envelope; 

resonant circuits that produce an 

(AEN RM RSs Dee icrereric ici@ase Of response at the line ine- 

ee Ge Tasser-S newer: quency cause a delay of the modu- 
lation envelope. 

Beeause a dip in the amplitude-response curve is associated with the 
lead time, there is a practical limit to the amount of servo damping that 
ean be obtained with a lead network. If the lead time ts made too great, 
small extraneous voltages of frequency far removed from the line fre- 
queney are amplified to such an extent that they interfere with the opera- 
tion of the servo. The voltages obtained from synehros are not perfect 
sine waves; the extraneous voltages applied to a-e lead networks are 
mainly the harmonic-frequency components of these waves. If d-c lead 
networks are used following a phase-sensitive rectifier in a servomccha- 
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nism, the ripple voltage of the rectifier is an extraneous voltage that is 
exaggerated by the network. <An additional limit on the usefulness of an 
a-c lead network exists if the line frequency is not perfectly constant. 
Operation of the system may then be disturbed by the frequency shifting 
away from the midpoint of the dip. 

A lead network has the same damping effect on servomechanism 
response as has the antihunt circuit of Fig. 49, p. 330. The two circuits 
differ, however, in their effect upon the errors of the servomechanism. 
The antihunt circuit always increases the errors. Without a blocking 
capacitor, it produces a velocity error; with the capacitor, an error occurs 
when the velocity is suddenly changed and persists until the capacitor has 
time to charge to a new voltage. The lead network, on the other hand, 
has no effect on steady-state errors and reduces transient errors. If a 
motion of the input shaft is suddenly started, and if the output does not 
follow immediately, the error begins to increase from zero. The resulting 
rate of increase of error causes a torque in the direction to correct the 
error, because of the derivative component of the lead-network output. 
This torque is in addition to the torque resulting from the proportional 
component of the lead-network output. 

23. Applications of Servomechanisms. Servos in radar sets are used 
principally to control the motion of the antenna and to maintain synchro- 
nism between the antenna and the rotating coil of a plan-position indi- 
cator. If an antenna is required merely to rotate at constant speed, there 
1s no need for a servo drive. If, however, several different motions are 
required, such as constant-speed rotation, scanning back and forth over a 
small sector, and tracking of a moving object, then a servo drive is useful. 
Deflection coils are light enough to be turned by synchros, and synchro 
gencrator-motor drives are often used with them (see Art. 12). How- 
ever, greater accuracy can be obtaired from servos, and deflection coils 
are frequently driven by low-power servos, usually employing small two- 
phase induction motors. 

There are two general methods of using servos to drive antennas and 
deflection coils. In one, a large servo controls the antenna position and a 
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small servo (or a synchro system) maintains the coil in correspondence 
with the antenna position. The targe servo can cause the antenna to 
follow arbitrary movements of a hand control, or the servo motor can be 
set to drive the antenna through specified scanning patterns automati- 
cally. Inthe second method, a single servo is used to movethe antennain 
correspondence with the deflection coil. The coil is then turned by a 
hand control, driven at constant speed, or made to sector sean by means 
of a small motor. 

Special servos are needed to control the antenna of an automatic-track- 
ing set. There is no input shaft; instead the antenna must follow the 
movements of a distant object that is being tracked. ‘The antenna must 
move in both azimuth and elevation, and thus two servos are required, 
one to turn the antenna about each axis. Instead of a synchro, the entire 
radar set is the error detector, and conical scan is used to provide error 
signals for both servos. The modulation envelope of the series of echo 
pulses received from the object tracked is the error signal. If the object 
lies exactly on the axis of the cone of scan, all pulses have the same amph- 
tude and the error signal is zero. If the object hes off this axis, an 
approximately sinusoidal variation of pulse amplitude is produced at a 
frequency equal to the rate at which the antenna beam traces its cone, 
Rectification of the series of pulses, therefore, produces an approximate 
sine wave of low frequency. The phase of this wave, relative to a voltage 
obtained from the device that causes the conical scan, indicates the 
direction from the cone axis to the object tracked. Therefore the wave 
may be separated into two components in quadrature, and the com- 
ponents used as individual error signals for the azimuth and elevation 
SeI'v OS. 

In more elaborate shipboard radar sets, servos are used to stabilize the 
antenna against motion of the ship. Suppose that the antenna is 
intended to sean the horizon. Rolling and pitching of the ship cause the 
beam to be directed above and below the horizon if no stabilization ts 
provided. By means of servos controlled by gyroscopes, the antenna 
platform can be maintained level despite movements of the ship. ‘Thus 
in surface search, the need for a broad beam in elevation may be avoided. 
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The radio-frequency echo pulses returned by a distant object are 
similar to the transmitted pulses, but very much smaller—perhaps 
bilion billion times smaller in power. These tiny pulses are greatly 
amplified and are transformed into video pulses by the receiver. A volt- 
age amplification of the order of 10,000,000 is required to produce an out- 
put video pulse of sufficient amplitude to deflect or intensify the electron 
beam of a cathode-ray tube. The receiver must accomplish this ampli- 
fication with the least possible introduction of noise voltages. 


A. GENERAL PRINCIPLES 


In preparation for the detailed description of receiver components, a 
discussion is given in this section of the over-all arrangement of the com- 
ponents and of some general principles of receiver analysis. These 
general principles include the application of Fourier analysis and com- 
plex-number calculations to pulse amplifiers, the equivalent circuits for 
tubes at receiver frequencies, and the effects of noise in a receiver. 

1. Biock Diagram. The superheterodyne receiver is used almost exclu- 
sively in radar systems, and it alone is discussed in this chapter. Other 
circuits (for example, superregenerative receivers and crystal-video 
receivers) are useful in special applications, but in normal radar service 
the superheterodyne has the important advantages of low noise, efficient 
amplification, reliable operation, and freedom from blocking (see Arts. 19 
and 22), 

In a superheterodyne receiver, a continuous sine wave from a radio- 
frequency oscillator (see Fig. 1) is rectified by a nonlinear element in the 
mixer stage, and a steady direct current is produced. When signals are 
received, the tiny echo pulses are also applied to the mixer, and the 
amplitude of the sum of echo-pulse and oscillator waves varies over a 
small range as the two waves, which differ slightly in frequency, swing 
Into and out of phase. If, for example, the input frequencies are 1,000 
and 1,030 Meps, a 30- Meps ripple appears in the mixer output whenever 
an echo pulse is present. This ‘ripple constitutes an mtermediate-fre- 
quency pulse and is amplified by the i-f stages. Most. of the amplifica- 
tion of the receiver is provided by these stages, and from them an i-f 
pulse of roughly a volt in amplitude is obtained. ‘The detector is a 
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second rectifving element and produces a d-c output whenever an 1i-f 
pulse is applied to it. Thus the video pulses are formed. 

The detailed arrangement of components varies from one receiver to 
another, but for radar frequencies below about 1,000 Meps, receivers 
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often follow the general plan of Fig. 1A. For higher radar frequencies, 
the diagram of Fig. 1B is typical. 

The r-f amplifier, mixer, and oscillator in Fig. 1A use special tubes 
designed for ultrahigh-frequeney operation. The echo pulse is amplified 
before being applied to the mixer for only one reason: Available tubes 
produce less noise in amplifier operation than in mixer operation. Con- 
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sequently, a smaller echo pulse can be detected if it is amplified before it 
enters the noisy mixer stage. Because echo pulses of only one frequency 
are to be received, the r-f amplifier and mixer circuits are fixed tuned— 
screw-driver adjustments suffice for alignment purposes. Small changes 
of transmitter frequency that occur in operation are compensated by 
adjustment of the local-oscillator frequency. The gain control usually 
varies the grid-bias voltage or screen-grid supply voltage for two or more 
stages of the 1-f amplifier. 

No r-f amplifier is drawn in Fig. 1B because available tubes introduce 
excessive noise when operated in the microwave bands. The echo pulse 
is applied directly to a silicon-crystal mixer, which introduces very little 
noise. ‘he mixer does, however, attenuate the signal and therefore 
exaggerates the importance of noise in the i-f amplifier. To minimize 
the signal attenuation, the mixer and the first stage or two of the i-f 
amplifier (the preamplifier) are usually placed very close to the t-r device. 
A disadvantage of the crystal mixer is that the t-r device must block 
transmitter power with extreme effectiveness to prevent damage to the 
delicate crystal. 

Receiver bandwidths do not increase in proportion to the radio fre- 
quency when the radio frequency is increased. Therefore, small per- 
centage changes of transmitter or local-oscillator frequency have a greater 
detuning effect in higher frequency sets. To reduce tuning difficulties, 
therefore, automatic-frequency-control circuits are usually provided in 
microwave receivers, as shown in Fig. 1B. The oscillator, which is a 
klystron, can be tuned through a small range by adjustment of the volt- 
age applied to the reflector electrode (see Art. 4, Chap. XI). A small 
portion of the transmitted pulse is combined with the local-oscillator 
voltage in the afc mixer to produce i-f pulses of the same carrier fre- 
quency as those in the main receiver channel. If this frequency 1s cor- 
rect, the discriminator output is zero. Otherwise, the discriminator pro- 
duces positive or negative video pulses, depending upon the direction of 
the error. These pulses actuate the control circuit and cause a change of 
reflector voltage in the direction to correct the frequency error. 

The r-f amplifier, mixers, and local oscillators of Tig. 1 operate at fre- 
quencies of 200 to 30,000 Meps and employ transmission-line sections 
and resonant cavities as tuning elements. The characteristics of these 
elements are explained in Chap. EX, and discussion of r-f receiver com- 
ponents is best postponed until after this explanation. The present 
chapter considers the low-frequencys aspects of mixer operation and the 
operation of all subsequent portions of the receiver. The uhf oscillator 
of lig. 1A is discussed in Chap. X, the klystron of Fig. 1B is deseribed in 
Chap. XJ, and the r-f amplifier of Pig. 1A and the high-frequency aspects 
of mixers are treated in Chap. XII. 
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2. Sine-wave Analysis. Signal voltages in the receivers are groups of 
more or less rectangular pulses representing echoes from objects along the 
path of the antenna beam. In preceding chapters, the response of a 
circuit to pulses is computed direetly in terms of transients mm the circuit. 
Such computations become exceedingly difheult) in receiver circuits 
because of the many stages of a reeeiver. Caleulation of the successive 
modifieations of an originally reetangular pulse as 1t passes through the 
reeeiver would indeed be laborious. Furthermore, even so difficult a 
computation would vield only an incomplete pieture of receiver per- 
formance, beeause actual echo pulses have a vanety of different wave 
shapes, and to the echo signals must be added noise voltages of extremely 
erratic variation. 

To avoid these difficulties, an entirely different procedure is used in the 
study of receivers. The response to unmodulated sine waves of various 
frequencies is determined, and the response to waveforms actually present 
is inferred from the sine-wave response. The advantage of this method 
is the relative ease with which sine-wave response can be measured and 
calculated. The correctness of the method depends upon two principles: 
(1) Any signal waveform in a reeciver can be expressed as the sum of a 
croup of sine waves. (2) The response of a lznear circuit to the sum of 
several excitations is, according to the principle of superposition, the sum 
of the responses to the component excitations acting separately. 

Because the superposition principle applies only to linear circuits, the 
method of determining pulse response by adding responses to sine-wave 
components cannot be applied to most of the circuits in the preceding 
chapters. Tubes in these circuits operate over a wide range of the plate 
characteristics and must be considered nonlinear devices. Sine-wave 
analysis is particularly adapted to the study of receivers actuated by 
small-amplitude signals. With such signals applied, most of the receiver 
tubes operate in small, nearly linear ranges of their characteristics and 
may be represented by lincar equivalent circuits. Except for certain 
properties (see Art. 26) of the detector, the receiver 1s then equivalent to 
a network of lhnear elements. 

The resolution of arbitrary signals into sinusoidal components is called 
Fourier analysis. If the signal resolved is a periodic wave, the fre- 
quencies of the sine waves obtained are multiples of the repetition fre- 
quency of the signal wave, and the result of the resolution is a Mourver 
series. Ifa periodic voltage e has a frequency f, and an angular frequency 
w, = 2nrf,, its Fourier serics 1s 


EE = E, — Ent sin (art a f1) 
+ Ene sin (2e;b + bo) + Eng sin (Ba¢ + 63) +> ° (1) 
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The constant H, is the direct component or average value of the wave, 
given by 


E, = E ited (2) 


and the sine terms are the harmonic components, or alternating components, 
of the wave. The first harmonic component, called the fundamental, has 
a frequency equal to that of ec, a peak value Hvm1, and a phase angle 4). 
The second harmonic has a frequency twice that of e, an amplitude Lins, a 
phase angle ¢2, and so on for the other components. 

In an alternate form of the Fourier series, each harmonie component of 
liq. 1 is expressed as the sum of two sinusoidal waves in quadrature. 
For the fundamental, for example, the trigonometric expansion of the 
sine of the sum of two angles yields 


i sin (art +. 1) — aa COS b;) sin wt aa (Lint sin 1) COS wrt (3) 


and the fundamental is expressed as the sum of a sine wave of peak value 
Eni COS ¢; and a cosine wave of peak value EZ; sin @1. Similar resolu- 
tion of all the harmonic components in Eq. | converts the Fourier series 
into the sum of a direct component, a series of sine terms, and a series of 
cosine terms. 

The peak values of the sine and cosine terms of the series can be shown! 
to be 


Peak value of kth | 
: = dine COS 
sine component 
te ie 
= | esi kw,t d(w,t) (4) 
T ar 


ak val Pvc : 
Peak value o - = ee: 


cosine component 


- : ; e cos kw,t d(w,t) (5) 


In Eqs. 4 and 5, & may be assigned any integral v alue; therefore, these 
equations may i. used to determine the coefficients P all the sine and 
cosine terms in the Fourier series. Once these coefficients are known, the 
peak values H,,, and phase angles ¢; in Eq. | may be computed Aol the 


identities 
ie =e (Bink sm bx)” se (Link COS ox)? 
and 
eek s10 Pi; 
= tan— -\Enk S10 $i 
a Bink COS Oy 


* Derivations of Eqs. 1, 2, 4, and 5 may be found in many mathematical texts, for 
example, P. Frankuin, Differential Equations for Klectrical Engineers, 61-77 Gon 
Wiley & Sons, Inc., New York, 1933). 
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3. Sine-wave Components of Video Pulses. A useful example of the 
appheation of Fourier series is the analysis of a video pulse (Fig. 2.4) of 
duration 7, repetition period 7, and amplitude /2.) For convenience in 
the calculation of the Fourier-series components, the origin of the time 
scale is located at the center of the pulse. The pulse begins and ends at 
the instants of time —7'/2 and 7/2, or because the time interval 7’, cor- 
responds to an interval 27 of the angle wf, at the values —(7'/7',)m and 
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(B) FREQUENCY SPECTRUM 
Fic. 2. Fourier components of video pulse. 


(T/T,)x of w-t. Thus the average value of the pulse waveform, according 


to Eq. 2, is 
(T/T r)x 
=p | Ed(w,f) = — EF 
—(T/T;r)x iy 


Because of the location chosen for the origin of the time scale, the integra- 
tion of Eq. 4 yields a value zero; thus the Fourier series contains only 
cosine terms. <According to Kq. 5, the cosine coefheients are 


1 (T/T ee 
eta — i fi cos kw,t d(w,t) 
—(T/Ts)x 
meecimekn 7, 
= 28 Te PIT, 


The Fourier series for the pulse of Fig. 24 therefore takes the form 


ie (3 sin wD/T, sin 2r T/T, 


em 2h an lat T/T, T/T, 


swt + — cos 2w,t + +: ) (6) 
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A graphical presentation, called a frequency spectrum, of the frequencies 
and relative amplitudes of the components of the Fourer series 1s made 1n 
Ie. 26. Vertical lnes are drawn at positions along the frequency scale 
corresponding to the frequencies of the harmonic components, and the 
lengths of the lines are made proportional to the amplitudes of the com- 
ponents. ‘Thus, at f = 0, a line one-half unit long is drawn representing 
the direct component. At f = /f,, a line representing the fundamental is 
drawn, and its length is (sin 77'/7T,)/(#T/T,), which is very nearly one 
unit if 7/7, «<1. The over-all result is that lines are spaced at intervals 
of f, along the frequency scale, and the ends of the lines follow the enve- 
lope curve specified by the factor (sin krT/T,)/(krT/T,) and indicated by 
the curved line in Fig. 2B. 

The envelope curve, which has the form of sin #/z, comprises positive 
and negative loops because of the oscillation of sin x, and the peak ampli- 
tude of the loops 1s less at higher frequencies because of the 1/z factor. 
In the frequency range where the envelope curve is negative, the cosine 
terms of Eq. 6 have negative coefficients; that is, the cosine waves take 
on peak negative values instead of peak positive values at f= 0. The 
frequencies separating the positive and negative loops of the envelope 
curve are those for which sin Aw7'/7, is zero, or 

An = 7, kn a = 2r, kn a = 3r, 
Because 1/7’, is the pulse repetition frequency f,, these expressions may 
be written 
Ife = PP 
and therefore, Af, being the frequency of the Ath harmonic, 1/7, 2/7, 
3/T, . . . are the frequencies at which the envelope curve crosses the 
horizontal axis. 

The relationships between the parameters of the pulse of Fig. 2A and 
the frequency spectrum of Fig. 2B may be summarized as follows: 

1. The pulse height # does not appear in Fig. 2B because EF determines 
only a scale factor for the amplitude of the harmonics, and Fig. 2B is a 
plot of relative amplitudes. 

2. lhe repetition frequency f, determines the spacing of the lines 
representing the Founer components but has no effect on the envelope 
curve drawn through the ends of the lines. 

3. ‘The pulse shape determines the shape of the envelope curve; for a 
rectangular pulse the envelope always has the form of sin ye 

4. ‘The pulse duration 7 determines the spacing of the zeros of the 
envelope curve. 
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). Lhe number of harmonic components within each loop of the enve- 
lope curve is 7/7. (Beeause the spacing of the zeros is 1/7’, and that of 
the lines is f, —"1/T,.) 

The validity of the Fourier series for a rectangular pulse can be verified 
by point-by-point addition of the harmonic components. Many cosine 
waves must be summed, however, especially when the pulse duration is 
very short relative to the repetition period. If the ratio 7/7, is small 
the amplitude of each harmonic component is a tiny fraction of the pulse 
height, because the factor 7/7’, appears in front of the parenthesis in 
Kq. 6. Any one component, therefore, contributes a neghgible amount, 
to the sum of the series, and many components must be added before the 
sum bears a resemblance to the pulse. 

Consider, for example, a l-us video pulse having a repetition period of 
1,000 us, as indicated in Fig. 3. According to Iq. 6, the average value 


oe ENLARGED 100 TIMES 
oR eRe WITH RESPECT TO PULSES 
les PULSE AVERAGE VALUE 
Sy ae TO SCALE OF PULSES 


Sen ci ——— ae im | eee 
SSSSES 1000 ws ii ee 


Fic. 3. Three components of 1,000-cps, l-ys video pulse. 


is 1/1,000 of the pulse height, and the amplitude of each of the first few 
harmonic components is essentially 1499 of the pulse height. ‘These 
components are too small to be visible in Fig. 3 if plotted to scale. When 
enlarged 100 t7mes, the average value, fundamental, and second harmonic 
have the appearances indicated by dashed lines in the figure. It may 
be observed that the components, when added, tend to cancel in the 
interval between pulses and to add directly at the instants of the pulses. 
When 500 to 1,000 components are summed, nearly complete cancella- 
tion results in the between-pulse interval, and the sum at the pulse time 
approximates the height of the pulse. 

To see the effect of adding sine waves in an example requiring fewer 
additions, consider the pulse in Fig. 4 of 1-us duration and 8-ys repetition 
period. In Fig. 44, the sum of the d-c component and the first four 
alternating components is plotted. The sum includes half the com- 
ponents under the first loop of the spectrum envelope (7/7 = 8) and 1s 
therefore equivalent to the sum of 500 components of the 1-ys, 1,000-cps 
pulse. When four more harmonic components are added to the first sum 
(Fig. 4B), the height of the resulting pulse is increased and the cancella- 
tion in the between-pulse interval is improved. The next eight har- 
monies, added in Fig. 4C, belong to the second loop of the envelope curve 
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and are cosine waves of reversed polarity. Thus the value of the sum 
at ¢ = Ois decreased, and the double-peaked pulse of Fig. 4C’ 1s produced. 

4. Sine-wave Components of Carrier-frequency Pulses. [ourter- 
series analysis may also be used to determine the sinusoidal components 
of the carrier-frequency pulse of Pig. 54. Such a pulse might appear in 


1 as 


oa 


(A) FOUR HARMONICS (FREQUENCIES TO 0.5/T) 


(8B) EIGHT HARMONICS (FREQUENCIES TO {/T) 


(C) SIXTEEN HARMONICS (FREQUENCIES TO 2/T) 


Fig. 4. Comparison of video pulse (light line) with sum of first terms of Fourier series 
(heavy line). 


the input circuit of a radar receiver with a carrier frequency f, of 200 to 
30,000 Mcps or mn the i-f amplifier with a carrier frequency of 15 to 60 
Mcps. Tor an r-f pulse, the number of carrier-frequency cycles in the 
pulse would ordinarily be hundreds ot thousands of times greater than 
the number in the figure. If the pulse represents the echo from an 
object, the ratio 7’,/7 of repetition period to pulse duration is of the 
order of 1,000, as for the video pulse in Fig. 3. 


Arr, 4] CARRIER-FREQUENCY PULSES 347 


t 
| 
| 
| 
| 
| 


Len aie es eS 


(A) CARRIER - FREQUENCY PULSE 





% 


T _}——<—_____—_——_—__—_—_—___—_—+} 


(B) VIOEO PULSE 





LIVELIER PME ELT 
IVUUVUVUUVUUUUVUVUVUVUUUUUUDUU 


COS wt 


(C) UNIT-AMPLITUDE COSINE WAVE 










po CARRIER WAVE 





UPPER "SIDE 
RELATIVE pe 
AMPLITUDES 
OF FOURIER 
COMPONENTS SIDE BAND 





(D) FREQUENCY SPECTRUM 
Fic. 5. Fourier components of carrier-frequeney pulse. 


ed 


348 RECEIVERS [(CHap. V 


The results obtained in the analysis of a video pulse may be used 1n the 
present example if the carrier-frequency pulse is regarded as the product 
of a video pulse (Fig. 5B) and a unit cosine wave (Fig. 5C). Multiplying 
instantaneous amplitudes of the waveforms of Figs. 5B and C yields a 
cosine wave of peak value / during the pulse interval and zero in the 
interval between pulses. 

The Fourier series for the video pulse is given by Eq. 6, p. 348. There- 
fore, an equation for the carrier-frequency pulse is the product of Eq. 6 by 
a unit cosine wave of carrier frequency f, and angular frequency w. = 2afc. 
Thus 

ie 


] 
= ET (S+ 


Sit mie 
Ty le 





COS wt 


sin 2 T/T, 


+ Pepi A Rie 


cos 2w,f + +> ) COS Wel 


This relation does not show directly the Fourier components of the pulse 
because the series is the sum of products of two cosine waves instead of 
the sum of cosine waves. Each product may be separated into two 
cosine waves through application of the following identity: 


cos 6 cos ¢ = 4 cos (6+ ¢) + % cos (6 — ¢) 


The resulting Fourier series for e is 


ee 
Ci e\ fF COS Wel 


Star) / i’, Siena / 7, 


Se + + + ) + Sorta We 
oe T/T, COS (Ww, w,)e on T/ p. COS (Ww, 2w,)é 
sina] /T, sin 2rT/T, <2 
+r i COS (Cy w,)e rt OT /T, COS (We 2w,)e a (7) 


The frequency spectrum of the carrier-frequency pulse, specified by 
Inq. 7, is drawn in Fig. 5D. The first term of Eq. 7, which corresponds to 
the average component of the video pulse, is a cosine wave of frequency f, 
and is called the carrier-frequency component. The remaining terms make 
up the sede bands. The upper side band comprises a set of waves spaced 
at frequency intervals f, above f., and the lower side band comprises a 
similar set spaced at intervals f, below f.. The sin v/a envelope of the 
video-pulse spectrum appears on each side of the carrier frequency, and 
the spacing between zero poimts of, the envelope is determined by the 
pulse duration. = | 

Observe that a carrier-frequency pulse is the sum of Fourier com- 
ponents spread over a band of frequencies, even though the only oscilla- 
tion observable in the waveform is the carrier oscillation of frequency f.. 
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Infact, the spectrum of a carrier-frequeney pulse is very closely related to 
the speetrum of the video envelope of the pulse... To obtain the spectrum 
of Ig. oD from that of lig. 2B, p. 343, two steps are necessary: (1) On 
the negative frequency axis in Fig. 2B, draw the mirror image of the 
video spectrum. (2) Move the entire spectrum thus obtained to the 
neht along the frequeney axis until all frequencies are shifted by an 
amount equal to the carrier frequeney. This relation between carricr- 
frequeney and video spectra is not restricted to rectangular pulses, but it 
apples to pulses or waves of any shape, as may be shown by an analysis 
similar to the derivation of Iq. 7. 

5. Sine-wave Response of R-C Circuits. An important part of the 
advantage of Fourier analysis in the study of receivers is the stmplifica- 
tion of sine-wave calculations obtained by use of complex numbers. The 
series 2-C circuit of lig. 6A 1s important in the study of video amplifiers. 
The step-function response of this cireuit 1s explained in Art. 4, Chap. IT, 
and the sine-wave response, obtained with the aid of complex numbers, is 
presented here. 

In Fig. 6A, /; 1s a complex number standing for e,;, a sinusoidally vary- 
ing input voltage of frequency f and angular frequency w = 27f. The 
magnitude of /;, denoted by |£;|, represents the rms value! of the sine 
wave, and the angle of /£; represents the phase of the sine wave relative 
to an arbitrarily chosen reference wave. Suppose that cos wt is chosen 
as the reference wave and that the input voltage is 





Gude bee COS (we +- d) 


The complex number £; is then (Min/+/2)e%. The other voltages and 
the current of the R-C circuit are represented by the complex numbers 
Er, Ec, and J, as indicated in Fig. 6A. 

A convenient representation of the relationships among complex 
numbers is the complex-number diagram of Fig. 66. For this diagram, 
the current wave 1s taken as a reference of phase. Thus complex number 
I has an angle zero, and the arrow representing / hes along the real axis. 
The resistor voltage is in phase with the current, and the complex number 
Er = RI is represented by a second arrow along the real axis. The 
capacitor voltage He = I[/jwC lags the current by 90 deg and is repre- 
sented by an arrow directed downward along the imaginary axis. Addi- 
tion of He and Ez yields the input voltage /;. This addition ts indicated 
on the diagram. In symbols, 

B= Bet Bea kit ar=(r+\r=a (8) 

1 Sometimes complex numbers with magnitudes equal to the peak values of sme 


waves are used. Therms hasis 1s probably more common and 1s employed throughout 
this text. 


300 RECEIVERS (Chie | 


where 
1 
LZL=R+—-,5 
gw 
and Z is the impedance of # and C in series. 
If Hz is regarded as the output voltage of the circuit, the ratio Hr/ Ej, a 
complex number, specifies the performance of the circuit. The magni- 


(A) CIRCUIT DIAGRAM 





(C) FREQUENCY CHARACTERISTIC —E, AS 
OUTPUT 
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(B) COMPLEX-—NUMBER DIAGRAM (D) FREQUENCY CHARACTERISTIC — E~ AS 
OUTPUT 


I'1g. 6. Sine-wave response of series R-C circuit. 


tude of L,/l; indicates the effect of the circuit on the rms value of the 
voltage it transmits, and the angle of Hz/H; specifies the phase shift pro- 
duced. Because Ey = RI and, by Eq. 8, HE; = ZI, 
\- 
Hee yee ale 
ih Ti = Pea aC 
1 ‘a 4 
L+i/joRC 1+ 1/jur 
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where r = RC is the time constant of the circuit. Lhe magnitude of the 
complex number [’p/ 1; 1s 








Le J | 
on oe (9) 
ae 4/1 + (1/wr)? 
nnd the angle ts 
yn | 
Kagie of = tin — (10) 


ly. GWT 


Iquations 9 and 10 indicate that the voltage transmitted depends in 
magnitude and phase upon the angular frequency » and the time constant 
r. The type of variation with » is shown by the curves of Tig. 6C, 
obtained by plotting qs. 9 and 10. At low frequencies, |/w7 1s very 
large, almost no voltage is transmitted, and the output voltage leads the 
input by nearly 90 deg. As the frequency increases, the magnitude of 
the output voltage increases, the leading phase shift decreases, and at fre- 
quencies for which 1/w7 is very small, the output voltage is nearly equal 
to the input voltage in both magnitude and phase. 

An important parameter of the circuit is the frequency 


J 
f= 5 cu) 


For f = fx, w7 is equal to unity, the magnitude ratio he/f; 1s 1/+/2, and 
the phase shift is 45 deg. Because the power dissipated in /t 1s propor- 
tional to the square of |p|, the power dissipated for f = f, 1s one-half of 
the maximum power dissipated if the magnitude of /; is held constant as 
the frequency is varied over the entire range. For this reason, fh 1s 
called the half-power frequency of the circuit. The quantity wr may be 
replaced in Eqs. 9 and 10 by its equal f/fx. ‘Thus, if the half-power fre- 
quency is known, the response may be calculated immediately from these 
equations. 

In the circuit of Fig. 6A, c instead of Zp may be considered the output 
voltage, E; still being the input. The complex number that specifies the 
circuit performance is then 


Ec Cac | | 


BE, (R+1/joC)i 1+ joRC 14 jor 





The magnitude of this complex number 1s 


Be (12) 
bh; /1 + (wr)? 
and the angle is 
Angle of - = — tan‘ wr (13) 


hi; 
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Equations 12 and 13 are used to plot the curves of Fig. 6D which show the 
response of the #-C circuit when the capacitor voltage is the output. 
Note that the output voltage decreases with increase of frequency, is in 
phase with the input voltage at very low frequencies, and lags in phase at 
higher frequencies. 

The half-power frequency is the same for either choice of output 
terminals. Jor the capacitor terminals as output, f, may be considered 
to divide the frequency range as follows: Frequencies less than f, are 
transmitted with relatively little attenuation and phase shift (see Fig. 


(A) CIRCUIT DIAGRAM 


IMAGINARY 
AXIS 





(8) COMPLEX -NUMBER DIAGRAM (Cc) FREQUENCY CHARACTERISTIC 


Fig. 7. Sine-wave response of parallel-resonant circuit. 


6D). Frequencies above f;, are, to a considerable degree, prevented from 
reaching the output. The circuit may thus be considered to have a pass 
band or frequency range in which signals are transmitted for which the 
bandwidth is f,.. Of course, the transition between the pass band and the 
region of rejected signals is not sharp, and for definiteness Jn should be 
called the bandwidth to the half-power frequency. 

6. Sine-wave Response of Parallel R-L-C Circuit. The circuit of 
Hig. 7A is important in the study of rf and i-f amplifiers. The transient 
response of this circuit is discussed in: Art. 18 of Chap. IT; its steady-state 
response to sine waves may be determined by complex-number calcula- 
tions. Let a sinusoidal input current be represented by the complex 
number /;, and let the sinusoidal output voltage be #,. Let currents in 
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the individual branches of the circuit be represented by /x, Jc, and /1, as 
indicated. 

A complex-number diagram for the cireuit is drawn in Fig. 7B. Volt- 
age /, 1s taken as the reference for phase, and /, and Jy = I,/R are 
drawn along the real axis. Capacitance current /¢ = jwCEH, leads EF, by 
90 deg, and inductor current J, = 2o/jwol lags Lo by 90 deg. The sum of 
the branch currents is the input current. [In symbols, 


ites | ee j.0me-+ Am 
hi qool 
| es l a 
=a (| + Jw +] ho= YH, 
where 


: | l 
= Ree TT 


and ¥ is the admittance of the cireut. 

The response of the &-L-C cireuit is indicated by the complex-number 
output-input ratio /,//;. This ratio is the reciprocal of Y, or the imped- 
anee of the parallel cirewit 


E 1 I 

a Qe a a R SS 

ie Lia ply gow Leelee 0 Bow LC = Wow oe 
If the resonant angular frequency wo = 1/+/LC and the sharpness-of- 


resonance factor Q = R//L/C, defined in Art. 18 of Chap. IT, are used 
here, the 1mpedance relation becomes 


iS | nes. 
I; 1 + 9Q(w/wo — w/w) 


Thus the magnitude of the response is given by 








fi; V1 + [Q(w/wo — w0/w)]? 
and the phase shift is 
Angle of Be = — tan7'Q (2 = we) cS) 
I, WO G) 


Plots of Eqs. 14 and 15 are givenin Fig. 7C. In contrast to the curves 
of Figs. 6C and D (which depend upon only one parameter 7), these 
curves depend upon three parameters—/t, wo, and Q. Parameter A is a 
vertical-scale factor, and parameter wo determines the location along the 
w axis of the resonant peak. At the peak, w/wo = wo/w, || is & times 
J;|, and the phase shift is zero. Parameter Q determines the narrowness 
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of the resonant peak. If Q is large, even a small deviation of w from w, 
causes the quantity Q(w/wy — wo/w) to be large, and the magnitude of the 
output voltage is then small and the phase shift nearly 90 deg. 

The circuit of Fig. 74 has two half-power frequencies, the lower half- 
power frequency f; and the upper half-power frequency fe. At both f, and 
fe, the magnitude of Q(w/w») — wo/w) Is unity, so that (according to Eqs. 
14 and 15) the output voltage is 1/./2 times its value at resonance, and 
the phase shift is 45 deg. The half-power frequencies are so located that 
wo 1s the geometric mean of w; = 2af; and w. = 2afe, as may be shown 
from the half-power conditions 


oe ee 
Wo Wy Q) 
16 
ee de = 
Wo we @Q 
Adding these equations yields 
iT 2 _ wolwe + wi) _ 4 
Wy W1W9 
or 
W1W2 = Wo” (17) 


Equation 17 states that wo is the geometric mean of w,and we. Further- 
more, Eq. 17, written as wo/w. = wi/wo and substituted into Eq. 16, 

yields the expression for the separation between half-power points 
en ore (18) 

Wo Q 

Thus the angular-frequency bandwidth between half-power points 
Aw = we — w IS wo/Q, the frequency bandwidth Af is fo/Q, and the per- 
unit bandwidth Af/fo is 1/Q. If the per-unit bandwidth is small, the 
geometric mean 1/ww. is very nearly equal to the arithmetic mean 
¥4(w1 + we), and we may be considered to be midway between w,; and wo. 
A comparison of the circuit of ig. 7A with the one in Fig. 6.4 (E’¢ being 
considered the output voltage) is instructive. These circuits are redrawn 
in Figs. 84 and B—the circuit in Fig. SA is equivalent to the one in 
Kg. 64 beeause Thévenin’s theorem may be used to change the current 
source £;/R in parallel with R into the voltage source EL; in series with 
Kk. The magnitude curve of Mig. 6Dys multiplied by R and reproduced 
In Tig. 8C as the frequency characteristié of the circuit of Fig. 8A. The 
magnitude curve from Fie. 7C is redrawn in Fig. 8D. In Figs. 8C and D, 
the curves are extended across the zero axis of frequency by plotting 
pomts from Eqs. 12 and 14 for negative values of w. Negative frequencies 
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have no physical significance; plotting the curves in this way is merely an 
aid to visuahzing the relationships between the responses of the two 
eireults. 

Observe that the cireuits of Figs. SA and B are alike, except that an 
inductance LZ 1s melided in Fig. 8B. Addition of the inductance causes 
the response peak at zero frequency (ig. 8C) to divide into two parts 
centered at angular frequencies wo and —wo (ig. SD). The width 
between half-power poimts of each of the new peaks is half the correspond- 
ing width of the onigmal peak. That is, if R and C have the same values 
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Fic. 8. Comparison of circuits of Figs. 6A and 7A. 


in the two circuits, the bandwidth of the ?-C circuit between zero fre- 
quency and f;, is the same as the bandwidth of the R-L-C circuit between 
f; and fo. This statement is true beeause (by Mq. 11, p. 351) 2af, 1s 
1/r = 1/RC and (by Eq. 18) 2r(fe — f1) 18 wo/Q@, which by the definitions 
of wo and Q 1s 


VEC 1 
a GO ae 
Even if R and C are readjusted so that the bandwidth between half- 
power points of the response peaks in Figs. 8C and PD are equal, the 


shapes of the peaks in Fig. 8) are not identical with the shape of the peak 
in Fig. 8C. If the per-unit bandwidth of the R-L-C cireuit is small, how- 
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ever, the difference in the shapes is negligible. To demonstrate this fact, 
the quantity Q(w/wo — wo/w) in Eqs. 14 and 15 may be written 


a(¢ - *) = => = g & = @0)(w + wo) 


WO G) 0 WW oO 


and the approximation w + w) = 2w may be made. For a small per-unit 
bandwidth, this approximation is valid at all frequencies for which the 
response 1s appreciable. Thus 


o(2 - ) ~ 22 (wy — ow) = 2g RIVELE (. — a) = 2RC(w — wo) 


Wo Ww P/O 
and substitution of this expression into Eqs. 14 and 15 yields 
K i 


(19) 


f; 








ai EEE 
ie [2RC(w — wo)]? 


and 


Angle of . = — tan“! 2AC(w — wo) 

Comparison of these equations with Eqs. 12 and 13 (w — wo for the 
resonant circuit being considered analogous to w for the R-C circuit) 
shows that the two response characteristics are alike, provided the 
capacitor in the R-L-C circuit is half as large as the one in the R-C circuit. 

¢. Reproduction of Video Pulses. Knowledge of the frequency spec- 
trum of pulses and of the sine-wave response of circuits permits determi- 
nation of the effect of the circuits on pulse shape. Consider a rectangular 
video pulse. Its spectrum, drawn in Fig. 2B, p. 343, extends from zero to 
infinite frequency, and therefore, to reproduce the pulse perfectly, a cir- 
cut would be required to respond to all frequencies and to maintain the 
phase and amplitude relations among all the sine-wave components. 
Actual circuits are always limited in high-frequency response because of 
unavoidable shunt capacitances, and usually limitations of low-frequency 
response also exist. Attenuation of the high-frequency components of 
pulses affects the reproduction of pulse edges; attenuation of low-fre- 
quency components affects the reproduction of long-duration pulses. 

The effect of removing the high-frequency components may be seen in 
one way from the diagrams of Fig. 4, p. 346. In Fig. 4C’, only the fre- 
quencies above 2/7 are removed. Since these components form a rela- 
tively unimportant portion of the frequency spectrum (see Fig. 2B, p. 
343), the pulse reproduction is reasonably good. In Fig. 4B, frequencies 
above 1/7 are removed, and the reproduced pulse is less nearly rectan- 
gular. Especially, the pulse edges are less steep. When all frequencies 
above 0.5/7 are removed (Fig. 4A), a major distortion of the pulse 
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oceurs because of the large number and amplitude of the missing com- 
ponents. ‘The steepness of the pulse edges is greatly reduced, and the 
pulse is deereased in height and increased in width. The oscillations 
evident in the reproduced pulses of Tig. 4 can be avoided if high-frequency 
components are removed by means of a circuit in which the transition 
between transmitted and rejected frequencies is gradual. 
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(8B) RESOLUTION OF INPUT PULSE INTO (C) COMBINATION OF EXPONENTIAL 
STEP-FUNCTION COMPONENTS CURVES TO FORM OUTPUT PULSE 


Fic. 9. Pulse response of A-C circuit (output voltage across capacitor). 


The effect of removing the high-frequency components from video 
pulses may be seen in another way. The frequency characteristic of the 
circuit of Fig. 6.4, p. 350 (output voltage fc), is given in Fig. 6D and 
indicates that the circuit attenuates high frequencies, the transition 
between transmitted and rejected frequencies being gradual. ‘The effect 
on video pulses of such a frequency characteristic can therefore be found 
by calculating the pulse response of the circuit. 

The circuit of Fig. 6A is redrawn in Fig. 9A, and a rectangular pulse 1s 
assumed as the input voltage e; In Fig. 9B, the pulse is represented as 
the sum of a positive step function and a delayed negative step function. 
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Because the circuit is linear, the pulse response can be calculated as the 
sum of the responses to the component step functions. These responses 
are the exponential curves of time constant 7 = RC indicated in Fig. 9C 
(see Art. 4 and Vig. 8, p. 67, in Chap. ID), and their sum e, is the pulse 
with sloping edges in Fig. 9C. The extent to which the pulse edges slope 
away from the vertical increases with increase of 7 or decrease of 
Jn = 1/(2r7). Thus the circuit of Fig. 94, by failing to respond to high 
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hic. 10. Pulse response of R-C circuit (output voltage across resistor). 


frequencies, produces a pulse with sloping edges, and the narrower the 
response band, the more the edges deviate from the vertical. If fa 1S SO 
low that 7 is comparable to or larger than the pulse duration 7, pulse 
amplitude as well as edge steepness is reduced. 

The effect of removing low-frequency components may be seen from a 
similar calculation. Consider the circuit of Fig. 6A (output voltage Ep), 
redrawn as Fig. 10A, for which the frequency characteristic appears in 
Fig. 6C. This circuit attenuates components of low frequency, and the 
transition between transmitted and rejected frequencies is again gradual. 
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Caleulation of pulse response may be made by use of superposition in 
the same way as for the preceding circuit. Resolution of the Input pulse 
Into step functions is indieated in Fig. 10B. The exponential response 
curves*resultimg from each step funetion and the sum of these curves are 
drawn in Fig. 10C. In contrast to the preceding cireuit, best reproduc- 
tion of the pulse requires that the time constant 7 be much larger than 
the pulse duration 7. In terms of frequencies, b. = T/(@n7)-stroultl be ae 
low as possible, and the value of f;, relative to 1/7 determines the extent to 
which the top of the reproduced pulse slopes away from the horizontal. 
Associated with the sloping pulse top is an overshoot at the end of the 
pulse. The wider the band of rejected low frequencies, the greater the 
slope of the pulse top and the more the overshoot. 

Video circuits in radar receivers are usually designed so that over a wide 
band the amplitude response is essentially uniform and the variation in 
phase shift is neghgible. Above some upper limit, however, the response 
decreases in amplitude and a lageing shift of phase occurs. This upper 
hmut is chosen with regard to the steepness required for the edges of the 
output pulses. In some applications, steep edges are unnecessary, and 
the upper limit need be only high enough to prevent appreciable loss of 
pulse amphtude. Below some lower limit. also, the response of radar 
video circuits decreases. The lower limit of the pass band is chosen with 
regard to the duration of the video pulses: Inadequate low-frequency 
response causes a peaking effect in the reproduction of long pulses. 

The error is sometimes made of supposing that the fundamental fre- 
quency of video pulses must be reproduced and therefore that circuits 
which respond to the repetition frequency are required. Actually, as 
long as the pulse duration is short relative to the repetition period, the 
repetition frequency does not influence the bandwidth requirements for 
pulse reproduction. This fact is easily seen in terms of the transient 
calculation. Thus, in Fig. 10, only a single pulse is considered. Effec- 
tively, the repetition frequency is zero. Yet the low-frequency response 
is found adequate if the time constant is long relative to the pulse dura- 
tion. The point may also be understood in terms of the frequeney 
spectrum of Fig. 2B, p. 343. Changing the repetition frequency of the 
pulses changes the density of the lines in the spectrum but does not 
change the envelope curve and therefore does not change the relative 
importance of the various ranges of frequency. 

8. Reproduction of Carrier-frequency Pulses. The spectrum of a 
carrier-frequency pulse, Fig. 5D, p. 347, like that of a video pulse, encom- 
passes the entire range of frequencies. Consequently, an ideal circuit 
that responds equally to all frequencies would be required to reproduce 
the pulse exactly. Components of frequencies far removed from the 
carrier frequency f., however, are of stnall amphtude and may be dis- 
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carded with only a minor effect on pulse shape. Reasonable reproduc- 
tion of carrier-frequency pulses requires response to a band of frequencies 
centered at f,. The wider the band, the better is the reproduction of the 
pulses. 

The Fourier-analysis viewpoint indicates that a very narrow-band cir- 
cult responding only to the carrier-frequency component cannot repro- 
duce a pulse. Its output would be only the minute sine wave that is the 
carrier-frequency component in the pulse spectrum. ‘The need for 
response to frequencies other than the frequency of the oscillations 
visible in the pulse is sometimes difficult to understand. Consideration 
of the transient response of tuned circuits to pulses may make the band- 
width requirement more evident. 

In Fig. 114, the input current is a carrier-frequency pulse having the 
waveform shown as 2; in Fig. 11B. The frequency of the oscillations 
within the pulse is f., and the resonant frequency of L and Cis f.. The 
response of the circuit is the voltage e,, for which waveforms under three 
different circumstances are drawn in Fig. 115. 

First, let L be infinite and C' zero; that 1s, let the entire current 2; be 
delivered to the resistor ??. The voltage e,is then A7z;, a carrier-frequency 
pulse differing from the current pulse only by a scale factor. The input 
pulse is reproduced perfectly. 

Second, let 1 be a large inductance and C'a small capacitance. Calcu- 
lation of the transient that results when the current pulse is applied is 
somewhat involved, but the general nature of the response may be under- 
stood readily without the calculation. If the duration of the current 
pulse is sufficiently great, the circuit must eventually reach a steady-state 
resonant condition i which the sum of the inductance and capacitance 
currents is zero and 2; flows entirely in Rh. Thus the final voltage ec, is an 
oscillation of the same amplitude and phase as that obtained when resist- 
ance alone comprises the circuit. ‘lime is required, however, for the 
final condition to be reached. At the initial instant of the pulse, no 
energy is stored in either the inductance or the capacitance. During each 
cycle of the oscillation, energy is delivered to the tuned circuit, and the 
amplitude of the e, wave increases as the stored energy increases. After 
the end of thez; pulse, the e, oscillations decay gradually as the stored 
energy 1s dissipated in the resistor. (Compare the growth of oscillations 
in a-c resonance charging of modulator networks, Art. 7 of Chap. II], and 
the decaying oscillations produced by a ringing circuit, Art. 19, Chap. IT.) 

Third, let L be a small inductanve and C’ a large capacitance. The 
larger ice of C requires thatfor a given amplitude of the e, wave more 
energy must be stored in the resonant circuit. (The stored energy is 
equal to 4Ce;,,. when e, has its peak value e,,,.,.) Because of the 
greater amount of energy required per unit of oscillation voltage, the e, 
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(8B) WAVEFORMS 


(C) FREQUENCY CHARACTERISTICS 


Fig. li. Response of resonant circuit to carrter-frequeney pulse. 


wave grows and decays more slowly, as indicated in the third e, waveform 
in the figure. 

For the parallel R-L-C circuit, Q is equal to R/1/L/C. Therefore the 
three waveforms of ¢,1n Fig. 11.6 arein the order of increasing Q. Perfect 
pulse reproduction requires a circuit of zero Q; nonzero values of Q cause 
the pulse edges to slope, the distortion growing worse as Q increases. ‘The 
value of Q determines the per-unit bandwidth, as indicated in Fig. 11C. 
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Comparison of the frequency characteristics of this figure with the pulses 
of Fig. 11B shows that removing frequencies remote from f, has the same 
effect upon carrier-frequency pulse envelopes as does the removal of high 
frequencies on video pulses. Fora given quality of reproduction, carrier- 
frequency circuits must provide twice the bandwidth of video circuits m 
order to accommodate both upper and lower sidebands. 
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(D) RESPONSE OF VIDEO CIRCUIT 
Fre. 12. Input waves and frequeney characteristics for related carrier-frequency and 
video circuits. 

The similar effect of removing components remote from f, and of 
removing high-frequency components 1s but one example of a general 
principle that relates certain carrier-frequency circuits to video or audio 
circuits. Consider any modulated carrier wave (illustrated by Fig. 12.1) 
apphed to a circuit having a frequency characteristic of the type illus- 
trated in lig. 126. The amplitude response is symmetrical about the 
carrier frequency, and the phase shift is the angle @ plus an angle that 
varies symmetrically, with sign reversal, about the carner frequency. 
Consider also a video wave (Fig. 120) identical with the modulation 
envelope of the first wave. The video wave is applied to a circuit having 


1 Another example is the relation between a-c and d-e lead networks (Art. 22, 


Chap. V). 
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the frequeney characteristic of Fig. 12D. This figure is obtained from 
lig. 125 by shifting the origin of f to f. and by subtracting the angle @ 
from the phase curve. The general principle states that the modulation 
envelope of the output carrier wave is identical with the output video 
wave. The angle @ appears as a phase shift of the earrier-frequeney oscil- 
lations within the modulation envelope. 

Proof of this principle makes use of the relation between the spectra of 
carvier-frequency waves and of their modulation envelopes (see Art. 4). 
Let the Fourer series for the input. video wave or for the modulation 
envelope of the input carrier wave be 


Cy = by + My cos (wt +461) + °° 


where w, is the angular frequency of the fundamental component. If A, 
is the factor by which the video circuit: multiplies the amplitude of the 
nth harmonic component. of the input wave, and if 6, is the phase shift of 
the nth harmonic, the output video wave is 


Qve == Agil, + A tee Gos (wt + ¢@+6: + --- 


The input modulated earrier wave is 


Cn = [Lio + Limi COS (wl ae ~1) = — ] COS Wel 





= ff, COS wel + = COs ania (Ot = Oy) 
He 


+ ye oe {wel a (wt + o1)| + nn: 


The output modulated-carrier wave, because of the phase and amplitude 
relations specified in terms of Figs. 12B and D, is 


Re 





em2 = Aoly Cos (wet + 8) + Ai Zo cos [(wel + 0) + (wrt + or + OP + °° - 
te la = COS [ (wet ae 6) a (wt + Dy +- 61) | + an 


Or 
Cn2 = Lael? + A tnd COS (wrl + P + 61) + ar, « | COS (wel + 0) 


Comparison of the expressions for e,2 and @n2 indicates that the modula- 
tion envelope of the output carrier wave is identical with the output 
video wave. Comparison of the expressions for @,, and ¢c,. indicates 
that the carner oscillations in the modulated wave suffer a phase shift @. 

This principle is useful in the determination of envelope response for a 
carrier-frequency circuit 1f the response of the corresponding video circuit 
is known. For example, a parallel R-L-C circuit of small per-unit band- 
width 1s shown in Art. 6 to correspond to a video circuit consisting of 
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resistance and capacitance in parallel. The resistance equals that in the 
F-L-C circuit, and the capacitance is twice the capacitance of the resonant 
eivcuit. Thus the principle may be used to show that the edges of the e, 
pulses in Fig. 116 rise and fall exponentially, the time constant of the 
exponentials being 2RC. 

9. Linear Equivalent Circuits for Tubes. When input signals to a 
radar receiver are small so that the amplifier tubes operate as linear 
devices, the performance of the receiver may be calculated with the aid 
of equivalent circuits. Each tube is replaced in the receiver circuit by 
its linear-element equivalent, and complex numbers are employed in the 
calculation of the sine-wave response of the resulting linear circuit. The 
nature of the equivalent circuits of tubes depends upon the frequency 
range considered. 

In the range of extremely low frequencies, source-and-resistance equiv- 
alent circuits (such as those for the cathode follower, Fig. 6, p. 63 in 
Chap. II) are adequate. Amplifiers are represented as a current source 
Jm€g Shunted by a plate resistance r, or as a voltage source pe, in series 
with ry (gm is the transconductance and yu the amplification factor of the 
tube). These circuits are representations of the basic equation for 
linear operation of an amplifier tube (Eq. 7, p. 64, Chap. IJ) 


tp = Jmlg + = Cp 
lp 

where 2, 1s an increment of the plate current 2 and e, and e, are increments 
of grid voltage e, and plate voltage ¢, respectively. The two circuits are 
equivalent and may he used interchangeably for either triode or pentode 
amplifiers. For the equations and the circuits to apply to pentodes, 
screen-grid and suppressor-grid voltages must be maintained constant, 
so that variations of control-grid and plate voltage are the only cause of 
plate-current variation. 

For the range of frequencies present in radar video amplifiers (below 
about 5 or 10 Meps), a tube equivalent circuit must include, in addition 
to the plate resistance and a voltage or current source, three capacitances 
arranged as in Iig. 13 to account for the interelectrode capacitances of the 
tube. In the figure, #, and /’, are complex numbers representing sinus- 
oidal variations of the incremental voltages. At very low frequencies, 
currents m interelectrode capacitances are negligible, but at frequencies 
in the megacycle range, these currents often exceed other components of 
tube current. The circuits of Fig. {3 assume that the total grid voltage 
e. 18 at all times negative so that no electrons reach the grid, and a resistor 
in parallel with C,, is not required in the equivalent circuit. When the 
circuits are applied to pentodes, each of the capacitances C,, and Cri 
represent the sum of several interelectrode capacitances and are usually 
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called the input eapacitanee and output capacitance, respectively. 
Capacitance Cy, in pentodes is so small that. it may Oia be neglected, 
especially at the lower frequencies. 

Where frequencies higher than a few megacyeles per second are present, 
as in i-f and r-f amplifiers, the equivalent. circuits of lig. 13 are inaccurate 
because of transit-time and lead-inductance effects. Transit. time refers 
to the time of flight. of electrons through the tube, and lead inductance to 
the self and mutual inductances of the connections between internal 
electrodes of the tube and the external terminals. Though extremely 
short, less than a hundredth of a microseeond in high- frequency tubes, 
transit {ime is appreciable relative to the period of high-fre¢ quency signals, 
Lead inductances also are very small, usually less than 0.1 wh, but they 
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(A) CURRENT~SOURCE EQUIVALENT (6B) VOLTAGE-SOURCE EQUIVALENT 


Fie. 13. Linear equivalent circuits for amplifier tubes—interelectrode capacitances 
included. 


have appreciable reactances at frequencies above several megacycles per 
second. 

Another effect of importance at high frequencies is the variation of 
input capacitance (Cy, in Fig. 13) with transconductance. This capaci- 
tance 1s influenced by the stream of electrons passing through the control 
grid and changes when the transconductance is altered by aging of the 
tube or by adjustment of gain-control circuits. The capacitance change 
is essentially independent of frequency, but since it amounts usually to 
less than a micromicrofarad, its effect is important only at frequencies 
above the video range. 

Lead inductance can be accounted for by the addition of appropriate 
inductance elements to the circuits of Fig. 13, but transit-time effects 
cannot be so directly represented. Common practice is to replace the 
circult of Fig. 13A by the one! of Fig. 144. Admittances Y,., Ypx, Yoo, 
and ym are complex-number functions of frequency and are given what- 
ever values are required to represent the tube. 


1A different equivalent circuit in which less complicated parameter variations are 
occasioned by transit time is given by F. B. LLEweLLYN and L. C. Prererson, 
‘Vacuum-Tube Networks,” Proc. [.R.., 32 (March, 1944), 144-166. 
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The equivalent circuit of Fig. 144 may be apphed to any linear oper- 
ating condition of an amplifier tube because it 1s a circuit representation 
of the general admittance equations of a two-terminal-pair network. It 
a voltage /, and a current J, are applied at terminal pair | (the grid and 
cathode terminals) and a voltage /, and a current J, at terminal pair 2 
(the plate and cathode terminals), then 


Le = ernie + Y wht 
ie = Yolt, + V oolt (20) 


where Y,, 1s the admittance measured at 1 with a short circuit at 2, Yoois 
the similarly defined short-circuit admittance at terminal pair 2, and Y4. 
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Iig. 14. High-frequency equivalent circuits for tubes. 


and Yo are the short-circuit transfer admittance. Applying these defini- 
tions to the circuit of Fig. 144 yields 


te = oe + oe Y x0 — aaa Nae 
yoy = Un one Yo0 — ie ee ae 


For any assigned values of V3, Vie, Ye1, and Vos, corresponding values of 
the parameters in Fig. 144A may be determined from the inverse relations 


a - Yui oe Y i, Decne oa —s) lz 
Ym = os Yi, Leae = Yoo + Vie 


Over an extended frequency range, each admittance in Fig. 144A varies 
with frequency in a rather complicated manner. Within the limited 
range of radar intermediate frequencies (about 15 to 60 Meps), only one 
difference of the general admittances from the parameters in Fig. 13.4 is 
of importance: A power loss, called grid loading,! occurs in the grid circuit 
even when the grid voltage is negative. Grid loading is the result of both 
transit time and ecathode-lead selfNinductance. It 1s represented in the 


TW. R. Ferris, “Input Resistance of Vacuum Tubes as Ultrahigh-frequency 
Amplifiers,” Proc. 1.Rv/v., 24 January, 1936), 82-107; D. O. Nortu, “Analysis of the 
Iuffect of Space Charge on Grid Impedance,” Proc. 1./2.E., 24 (January, 1936), 108- 
136. 
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i-f equivalent circuit of Fig. 14B by a conductance 1//,, which is propor- 
tional to qg,, and to the square of frequency. At 380 Meps, FP, has a value 
of the order of 10,000 to 100,000 ohms for useful 1-f amplifier tubes. 
Additional effeets of transit time and lead inductance! include a 
decrease of r, at high frequency, a dependence of Cy» on frequency, and 
the replacement of g,, by an admittance y,, of magnitude g, and having a 
lagging phase angle that increases with frequeney. These effects are usu- 
ally ignored in i-f amplifiers for the following reasons: In the usual 
pentode amplifiers, rp, is so large relative to the resistances that shunt 1t 
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Fie. 15. Grid-loading effect of cathode-lead inductance. 


that its exact value is unimportant. Similarly, in pentodes Cy, 1s very 
small, and the total feedback is determined as much by stray external 
capacitive and inductive couplings as by Cy,. The phase angle of ym 
merely causes a minute delay of the output signal, the delay time being 
of the order of magnitude of the transit time. 

10. Grid Loading Caused by Cathode-lead Inductance. ‘l’o show why 
inductance of the cathode lead causes an input power loss, an equivalent 
circuit is drawn in Fig. 15A. In this circuit, the only high-frequency 
effect accounted for is the inductance L; between the actual cathode 
(point K’) and the external cathode terminal (point Kk). Voltages F, and 


1B. J. Tuomrson, “Review of Ultrahigh-frequency Vacuum-tube Problems,”’ 
RCA Rev., 3 (October, 1938), 146-155; M. J. O. Srrurr and A. VAN DER Zirei, ‘The 
Causes for the Increase of the Admittance of Modern High-frequency Amplifier Tubes 
on Short Waves,” Proc. I.R.E., 26 (August, 1938), 1011-1032. 
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Ey are grid and plate voltages measured with respect to the cathode 
terminal, whereas /,’ is measured with respect to the actual cathode. 
From Fig. 15A, the short-circuit input admittance Y,, is to be calculated 
under the assumption that the reactance of L;, is small but not entirely 
negligible. 

Admittance Yi; is the admittance at the terminals of #, when the 
terminals of /, are short-circuited. This short circuit is made in the 
redrawn circuit of Fig. 15B, and r, and C,, are omitted because they are 
shunted by the low-reactance element L;. The current through L, in 
Fig. 158 is the sum of the currents J and g,,/,’, or 


BE — E,’ 
na eee — IOC poy + Cae 

qarbig 
and therefore 


2 
E, = E,’ (: ~—, + jal.agn) 
Wok 


Where w,, is the resonant angular frequency of C,, and Ly. Because Ly is 
small, w,, corresponds to a frequency far above the i-f range, and w?/w,,2 
can be neglected relative to unity. Replacing /,’ by its equal, [/jwC 4x, 
and dividing by J yields the impedance of the right-hand branch of the 
circuit in Fig. 148. 

E, I Lt 


T ja, ee, 


Thus the simpler equivalent circuit of Fig. 15C is obtained. 

The series #-C circuit forming one branch of the circuit in Fig. 15C may 
be changed to a parallel R-C circuit if a frequency-dependent resistance is 
introduced. The change is justified by the calculation of [/E,, the 
admittance of the R-C branch, 


if I 
Ey V/joC gn + Gudor/ Cop 
Gee 1 /joC gx 


(1/wC on)? + (Gnd Coe)? — (1/aCgn)? £ (Gnd Con)? 


Lhe voltage across resistor gndu./Cox in Fig. 15C equals the voltage across 

L,in Fig. 154 and is a small percentage of #, because L; is small. Conse- 

quently, gnlx/Cox is small relative to 1/wC,x, admittance I/li, becomes 
\; 


Lal ee 
wae Chass De +m qwC' px 
g 


gk 


and the parallel equivalent circuit of Fig. 15D is obtained. 
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The short-circuit input admittance obtained from the video-frequency 
circuit of Fig. 13 is the parallel combination of C,, and Cjx. Figure 15D 
indicates that the effect of cathode-lead inductance is to add in parallel 
with this capacitance a conductance gnw?/wy.. This conductance is the 
parallel combination of the real components of 4, and Vy, of Tig. 144. 
Conductance 1/R, in Fig. 14B, on the other hand, is the real part of Yo. 
atone. Calculations based on Fig. 15.4 with #, = /2, instead of E, = 0 
yield the value (1 + 1/)gnw?/wyx” for the lead-inductance component of 
1/R,. In most pentode amplifiers, u is so large that it is not necessary to 
distinguish between g,, and (1 + 1/u)gm. 

11. Transit-time Grid Loading. If the total grid voltage of an amph- 
her tube is at all times negative, none of the electrons passing from 
cathode to plate strike the grid, and the grid current is entirely the result 
of changes in the charge stored on the grid. In the determination of the 
short-circuit input admittance, all electrodes except the grid are assumed 
connected to the cathode by an a-e short cireuit, and the relation between 
an alternating grid voltage and the rate of change of grid charge it causes 
is determined. 

Assume for the moment that the cathode is unheated so that no elec- 
trons occupy the interelectrode space. The grid charge is then the 
result of capacitances from the grid to all other electrodes. ‘The alter- 
nating component of grid charge 1s (Cyro + Copo)eg, where e, 18 the 
alternating grid voltage and Cy po is the grid-plate capacitance (the sub- 
script 0 designates capacitance values in the absence of space-charge 
electrons). Capacitance Cyx0 is the grid-cathode capacitance for a triode, 
or the sum of grid-cathode, grid-screen-grid, and grid-suppressor-grid 
capacitances for a pentode. 

In actual operation, the cathode is, of course, heated, and electrons are 
present between electrodes. The grid charge is the charge accounted for 
by the no-space-charge capacitances plus an additional charge induced by 
the space-charge electrons. Consider, for example, a single electron as it 
leaves the cathode, travels through the grids, and finally reaches the 
plate. When close to the cathode, the electron causes a positive charge 
of the same magnitude as its own negative charge to appear at the 
adjacent cathode surface. (The electric field surrounding the electron 1s 
represented by flux Hnes emanating from the positive cathode charge and 
terminating at the electron.) As the electron moves across the tube, 
the positive charge flows through the external circuit. When the elec- 
tron is close to a grid wire, the positive charge is mostly on that wire; 
and when the electron approaches the plate, the positive charge moves to 
that electrode and is canceled by the electron when it strikes the plate. 
Let g. be the alternating component of the sum of all the charges induced 
on the control grid by all the clectrons moving through the tube. ‘The 
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total alternating grid charge q, 1s then the sum of g, and the alternating 
charge caused by the no-space-charge capacitance, 

do = Ge + (Cuno + Cop0) & 


Because electrons do not strike the grid, the grid current is an alter- 
nating current 2,, which is the derivative of the grid charge, 


oe 
~ er ~ aa 





le, 
+ Ga fe C'gn0) aT 


This equation for grid current indicates that the input admittance is the 
parallel combination of the capacitances Cyx0 and Cyp0 and another admit- 
tance determined by the current dqg./dt. This additional admittance is 
the result of the space-charge electrons. 

Assume that the alternating voltage e, is of low frequency so that, rela- 
tive to the time of a cycle, electrons cross instantly from cathode to plate. 
The electron current leaving the cathode then increases and decreases in 
phase with e,; and the density of electrons at each point mn the tube and 
hence the electron-induced grid charge vary m the same phase. For 
small changes of electron current 7,, therefore, g- = A.2., where K, is a 
constant of proportionality determined by tube geometry and the pattern 
of space-charge distribution. Because the plate voltage does not vary, 2, 
equals gne,, and thus 

de = Kae = KGQuneg 
and 
dé, 


Ade _ de, 
7 dt 


dt 
The current dq,./dt is thus exactly the current that would flow if voltage e, 
were applied to a capacitance of value K.g,. At low frequencies, there- 
fore, space charge has the effect of increasing the input capacitance 
Gao + Coo DY the amount AC = Aaa 
If the frequency of the applied voltage 1s increased until transit time is 
of importance, the variations of electron density no longer have the same 
phase at all points of the tube. An merease of e, causes an mcreased 
number of electrons to leave the cathode. ‘These electrons require time 
to cross the tube; they pass the grid at a time later than the instant of 
increase of grid voltage and reach the plate at a still later time. When an 
alternating grid voltage 1s apphed, the electrons may be visualized as 
crossing the tube in bunches, or regions of increased electron density. 
Because electrons nearest the grid hye most effect in inducing the charge 
qe, Variations in this charge lag variations in grid voltage by a time pro- 
portional to transit time. If the grid voltage is the sine wave 


e= V2IE, 


Kg rt 


smn wf 
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then the grid charge is 
Ge = Kigm \/2|E,| sin w(t — T) 


where 7 is the delay time for the grid charge. The grid-current com- 
ponent caused by mduced charge ts 


Ade f . 
7 = wh dm /2|E,| cos a(t — T) 
= wh gm V/2|E,| (cos wt cos wT + sin wf sin w7’) 


If 7 is asmall fraction of the period of e,, as itis mn the frequency range 
of 1-f amplifiers, cos w7’ is approximately unity and sin w7’ is approxi- 
mately w7’, so that the equation for dqg./dt becomes 

an er 

di WN .gm V2 |Ey| cos wt + wT Kh gm V2 |L,| sin wl 
The induced grid current comprises two components: (1) A current. 
wiht.gm times eg In Magnitude and 90 deg ahead of e, in phase. ‘This 1s 
the current associated with the increment of capacitance AC = A.gm, 
which has the same value at high 
frequencies as at low frequencies. ’ 
(2) A current w*7A gm times ¢@, 
magnitude and in phase with ¢,. 
This is the current that would flow 


5 " 
Im we TKe 


in a conductance w?/’K.gm propor- Fie. 16. Short-circuit input admittance of 





amplifier tube showing effect of transit time 


famlmie trequenesy squwamed amd | 578) 40. + 4s crmediate frequencies. 


to gm. This conductance is the 
erid loading effect of transit time. Figure 16 shows the input admittance 
separated into no-electron capacitances and the capacitance and con- 
ductance effects of space change. 

The admittance of Fig. 16 is the short-circuit input admittance, or the 
sum of the admittances Y,, and Y,, of Fig. 144. The value of Y,, alone 
may be determined by calculating the grid current for an alternating 
plate voltage e, equal toe,. The current in Cypo 1s then zero, the electron 
current leaving the cathode is (gm + 1/rp)eg instead of gne,, and the 
space-charge admittance is multiplied by 1+ 1/z. For high-» tubes, 
1/u may be neglected; thus elements Cyx0, AC, and 1/g,w° TK, in Fig. 16 
may be assigned to Yyx, and Cyp0 to Y,,. Figure 14B therefore represents 
the combined effects of transit time and lead inductance if 1//?, is the sum 
of two conductances, each proportional to g,,w*, and if Cy, includes a small 
component proportional to gm. 

12. Silicon Crystals. As explained in Art. 1 and indicated in [ig. 1 
(p. 339), microwave radar receivers employ crystal mixers to change the 
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r-f input signal to an i-f signal, which is then amplified by vacuum tubes. 
The silicon crystal in the mixer is a nonhnear rectifying element that may 
be compared with a diode—its resistance is much less for one direction of 
current flow than for the other. The rectifying crystals used in mixers 
should not be confused with the piezoelectric quartz crystals mentioned 
in Art. 12 of Chap. IV; piezoelectric crystals and rectifying crystals are 
entirely different devices and perform different functions. 

Silicon crystals are mounted in cartridges in the manner shown by Fig. 
17. ‘The ceramic cartridges of Fig. 17A are employed in 10- and 3-cm 
mixers, and the coaxial cartridge of Fig. 17B is used in l-cm systems. 
Lhe internal arrangement of the cartridges varies somewhat from one 
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Fria. 17. Cutaway views of crystal cartridges. 


manufacturer to another, but the external dimensions have been stand- 
ardized' so that all cartridges of the same type designation are inter- 
changeable. One terminal of a crystal cartridge connects to a fine tung- 
sten wire, and the other terminal supports a crystal of nearly pure silicon. 
The relative position of the terminals is maintained by an insulating 
sleeve or bead, and the sharpened point of the tungsten wire is made to 
press lightly against the surface of the crystal. The impurity content of 
the silicon and the area of contact at the tip of the tungsten wire (which 
area depends upon the contact pressure) have an important effect upon 
the crystal performance and are very carefully controlled in manufacture. 
A wax fillmg, which is introduced after the tungsten wire or ‘‘cat’s 
whisker”’ is adjusted, serves to hold the wire in position and to seal the 
unit against moisture. 

The rectifying property of the crystal depends upon the fact that elec- 
trons may traverse a boundary betweén silicon and a metal in one direc- 

: 


1 Standard dimensions may be found, for example, in H. C. Torrey and C. A. 
Wirrmer, Crystal Rectifiers, 429-430 (McGraw-Hill Book Company, Inc., New Y ork, 
1948). 
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tion more readily than in the other direction.! The boundary between 
the silicon and its metal support has a large area and neghgible resistance 
to current flow in either direction. The small-area silicon-tungsten con- 
tact, on the other hand, has an appreciable resistance. In consequence, 
the d-c resistance between terminals of the crystal cartridge rises from 100 
ohms or less for current flow in one 
direction to a resistance of the order of 
10,000 ohms for current flow in the 
reverse direction. A typical d-e char- 
agteristic is drawn in Fig. 1S. The ref- 
erence directions shown in the insert 
apply to ceramie cartridges of standard 
United States construction. Tor these, 
current flows most readily if the large -2.0 | 1.0 





| IN MILLIAMPERES 









terminal of the cartridge is made posi- Oe IN votTs 
tive relative to the small terminal. - 


An equivalent qireult, for «a silicon Via. 18. D-c characteristic of silicon 

crystal that 1s an aid to understanding. crystal. 
the performance of the crystal in a 

microwave mixer is drawn in Fig. 19A. In this figure, represents the 

nonlinear resistance of the boundary between silicon and tungsten. Even 

if no electrons could cross the tungsten-silicon boundary, the crystal 

would not be an r-f open circuit because of the capacitance between the 

tungsten point and the silicon. 

cuRncaT viow m  Lhis capacitance, represented by 

Pw en Cin Fig. 19A, 1s very small—usu- 


"b ONLY 
: ally less than 1.0 wut. The small- 
Ps ness of C and the absence of 
: transit-time effects are reasons 


why the performance of crystals is 
(A) BASIC CIRCUIT (8) CIRCUIT vaLiID at = Superior to that of diodes 1n micro- 

RADAR FREQUENCIES wavemixers. Resistance 2 in Fig. 
19A is called the spreading resist- 
ance of the crystal. It is the 
resistance of the silicon to current entering from the tungsten point and 
is appreciable both because silicon is a poor conductor and because the 
lines of current flow must spread out from the contact point into the 
body of thesilicon. ‘The circuit of Fig. 19A represents only the tungsten- 
silicon contact and the silicon crystal itself. Additional elements must 
be added if the effects of the inductance of the tungsten wire and 


Fig. 19. Equivalent circuits for tungsten- 
silicon contact. 


1The theory of conduction in silicon and across the silicon-metal boundary 1s 
explained in Torrey and Whitmer, pp. 45-107. A briefer treatment may be found m 
R. V. Pounp, Microwave Mixers, 47-54 (McGraw-Hill Book Company, Inc., 1948). 


3f4 RECEIVERS [Cuap. VI 


capacitances of the cartridge and the crystal holders are to be accounted 
for. 

A simplified version of Fig. 19A is presented in Fig. 196. Because 7 1s 
negligible relative to ? for forward voltages greater than a few tenths of a 
volt, little error is incurred by representing 7, as a closed switch for the 
forward direction of current. Similarly, at radar frequencies the error 
produced by assuming 7, to be an open switch when a reverse voltage 1s 
applied is negligible—the reactance of C’ is less than 100 ohms at 3,000 
Meps, and the resistance 7 1s at least several thousand ohms. ‘Thus Fig. 
19B is a valid representation of the crystal for high-frequency operation. 

Because at high frequencies the impedance of the crystal to the flow of 
current in the reverse direction is determined by C and not by rs, the 
‘“front-to-back’’ ratio (ratio of the d-e resistances for the two directions of 
current flow) is not a reliable indication of the performance to be expected 
from the crystal in a radar mixer. As indicated in Fig. 195, the param- 
eters of importance at high frequencies are Rh and C. ‘The best radar- 
mixer performance is obtained if & can be made much less than the react- 
ance of C, so that little power is consumed by Ff, and nearly all the r-t 
input power is converted to1i-f output power. If the contact area between 
tungsten and silicon has a circular shape, R varies inversely as the radius 
of the circle and Cis roughly proportional to the area of the circle. Thus 
the smaller the contact area can be made, the smaller is the RC product 
and the smaller is the ratio of & to the reactance of C. A very small con- 
tact area is obtained by use of the sharply pointed tungsten wire to con- 
tact the silicon. 

The minimum contact area that can be employed in a crystal is deter- 
mined by the susceptibility of the crystal to damage by excess input 
power. Power dissipated in the spreading resistance heats and softens 
the tungsten point and usually causes an increase of the contact area. 
Crystals may be made very sensitive by use of very small contact areas, 
but these crystals are easily damaged. Crystals to be used in applica- 
tions requiring greater ruggedness must have greater contact areas, and 
sensitivity is sacrificed. Increasing the frequency of operation requires 
that the contact area be reduced if sensitivity is to be maintained, and 
thus the higher frequency crystal becomes less rugged. 

The power required to damage a crystal is not particularly small, con- 
sidering the very small size of the crystal parts, yet special care is required 
in the use of crystals because damage can be done even though the excess 
power 1s applied for exceedingly byief periods—periods less than 0.1 us. 
The energy that may safely be applied’to a crystal by a pulse of less than 
I-us duration is extremely small. Most other circuit elements can be 
subjected to tremendous overloads if the power is applied only for an 
instant and can therefore withstand short pulses of considerable energy. 
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The reason why a crystal ean be damaged so quickly is that the parts 
heated have very small thermal rapacity and can change temperature 
almost instantly. 

The possibility that a pulse of brief duration may damage a crystal isa 
particular disadvantage in a radar system, because a minute fraction of 
the energy of each transmitted pulse passes through the t-r device (see 
Ig. 1, p. 339) and reaches the crystal. The t-r device must limit this 
energy to the minute value that is safe for the erystal. (See Arts. 10 to 14 
and 16, Chap. NIT, for a discussion of t-r devices and crystal protection.) 
If the t-r device does not function properly, damage to the crystal usually 
occurs gradually, and the over-all receiver sensitivity may be reduced 
greatly before the difficulty is discovered. Frequent checks of the crystal 
should therefore be made to ensure optimum performance. One pro- 
cedure for checking a crystal is to substitute a new erystal known to be 
satisfactory and to note the effeet upon receiver performance. An alter- 
nate procedure is to measure the ‘‘back”’ resistance (resistance to current 
How in the high-resistance direction) when the crystal is first placed in 
service. ‘Lhe measurement is repeated frequently during use of the 
crystal, and any appreciable decrease of the back resistanee is taken as 
evidence that the contact area has increased and the crystal performance 
has deteriorated. Ifa new crystal is found to deteriorate soon after being 
placed in service, the t-r device should be checked. 

Damage to a crystal when it 1s not in use is also possible. As protec- 
tion against damage by strong r-f fields encountered near radar trans- 
mitters or other powerful r-f equipment, ceramic crystal cartridges (lig. 
17.4) should be stored in a shielding container of metal or metal foil. 
This precaution 1s unnecessary with the coaxial cartridge, which is self- 
shielding. When a crystal is inserted into the crystal holder of a mixer, 
there is a possibility that a static charge on the body may be discharged 
through the crystal. To avoid damage in this way, the hand should be 
touched to the crystal holder before the crystal is inserted. Damage may 
also result from a severe mechanical jar such as may be occasioned by 
dropping the crystal onto a hard surface. The wax filler supports the 
tungsten wire, so that a considerable shock is required to disturb the 
contact. Nevertheless, dropping or other rough treatment of crystals 
should be avoided. 

In Table 1 are hsted the type designations of standard mixer crystal 
cartridges together with certain specifications that indicate the field of 
application of each type. All types hsted, except Type 1N26, make use 
of the ceramic cartridge sketched in ig. 17A. The 1N26 employs the 
coaxial cartridge of Fig. 176. The intended wavelength band for 
each crystal type is indicated in the second cohiumn of the table, and the 
remaining data apply for operation in this band. The figures of the third 
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and fourth columns together specify the sensitivity of the crystal. Con- 
version loss and noise-temperature ratio are discussed in Arts. 16 and 28; 
for the present it is sufficient to know that the conversion-loss figure Is a 
measure of the loss of signal in the crystal and noise-temperature ratio 
measures the noise generated in the crystal. Low values of both figures 
indicate a sensitive crystal. The numbers given are specification values 
that must not be exceeded by new crystals when operated in special test 
equipment. The next to last column indicates the energy of a video pulse 
of less than 0.01-ys duration that the crystal is subjected to before being 
tested for conversion loss and noise-temperature ratio. ‘The tendency for 
crystals to become less rugged with increase of sensitivity or frequency 
rating may be observed. ‘The final column is equivalent to a statement 
of the minimum back resistance of the crystals of each type when new. 
A back current in excess of the value indicated is a relatively reliable 
indication that the crystal has deteriorated. 


TaBLE 1. MrixER CRYSTAL CARTRIDGES 





Test 


Wavelength | Conversion Notse- | Back current 
Type | pulse 
N band, loss, temperature “ie at 1 volt, 
2 cm db ratio eh ae ma 
ergs 
1N25 25-30 8.0 2.5 
IN21C 9-1] 5.5 1.5 220 04125 
I1N28 9-11] cu 2.0 5.0 
IN23A 3-5 8.0 Zar 1.0 0.30 
IN23B 3-5 6.5 2a 0.3 0.175 
1N26 1-1.5 8.5 2.5 0.1 oe 
| Ona 


* For cartridges manufactured by Western Electric Co. 
{ For cartridges manufactured by Sylvania Electric Products Co. 


13. Characteristics of Noise. As explained in Art. 4 of Chap. I, the 
sensitivity of radar receivers 1s not limited by the amplification attainable 
but by noise, which obscures weak signals when high amplification is 
utilized. ‘The nature of noise and the methods of reducing its importance, 
therefore, have a great influence on receiver design. The input stages, 
especially, must be constructed with care, because noise entering these 
stages receives the greatest amplification. 

Noise in receivers includes anterference, fluctuation notse, and avoidable 
noise. Interference refers to undesired signals which, along with the 
desired signal, are received by the radar antenna. Fluctuation noise 
appears inevitably in all electric circuits, because it is associated with the 
atomic structure of matter and the charged-particle-in-motion nature of 
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cleetric current. Avoidable noise may arise from a great variety of 
causes, among them, power-supply ripple, vibration of circuit. com- 
ponents, faulty contacts, current-carrying composition resistors, gaseous 
discharges, motor-commutator noise, and stray coupling with adjacent 
circuits. ‘The effects of all such noise sources may be reduced in any 
desired degree by proper design of circuits and control of operating condi- 
tions. Fluctuation noise and some forms of interference, on the other 
hand, are fundamental and cannot be reduced below fixed limits. 

Fluctuation noise is a minute, irregular, unpredictable variation of volt- 
age and current. Slow and fast variations occur in a random, ever- 
changing pattern illustrated to some extent by the appearance of noise on 
a ‘Type A indicator (see Fig. LL, p. 17, in Chap. 1). Both positive and 
negative excursions of the waveform occur, and over a long period the 
average value of a notse voltage or current is zero. Because of the 
randomness of noise, instantaneous values have little significance; yet a 
measure of noise magnitude is needed. If the instantaneous values of 
current or voltage are squared, the resulting squared quantity changes 
erratically but 1s always positive and has a definite average value over a 
sufficiently long time. This average-square value is used as a measure of 
the magnitude of the noise. Because average power dissipated in a 
resistor 1s proportional to the average-square value of current in the 
resistor or voltage across the resistor, average nowse power is also a measure 
of noise magnitude. 

The effect of receiver circuits on noise, ike the effect on signals, is con- 
veniently determined by resolving the noise into sinusoidal components 
and finding the effect on each component separately. Resolution of 
noise waveforms is complicated by the fact that noise is not periodic, so 
that Fourier-series analysis cannot be applied directly. Instead, a sample 
of noise wave 1n a specified time interval is chosen, and a Fourier series is 
determined for a wave that is the periodic repetition of this sample. The 
resulting series depends upon the particular sample analyzed, but 1t 1s 
found that, as the length of the sampling interval is increased, the enve- 
lope of the spectrum of amplitudes of sine-wave components approaches a 
definite limit. This limit is the frequency spectrum of the noise. The 
phases of the sine-wave components, on the other hand, change indefi- 
nitely as the sampling interval increases. J ourier components of noise, 
therefore, have random, undeterminable phases. Increasing the sam- 
pling-interval length causes the individual sine-wave components to be 
spaced more and more closely along the frequency scale. In the limit, 
therefore the noise spectrum is continuous; that 1s, noise contains com- 
ponents of all frequencies. 

When tio fluctuation-noise voltages are combined in series, the 
resultant voltage is, of course, the sum znstané by instant of the component 
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waves. ‘The sum waveform fluctuates erratically in the same manner as 
the component waves. If the voltages are obtained from different 
sources, the average-square voltage of the sum wave equals the swm of the 
average-square voltages of the components. An equivalent statement is 
that the power dissipated in a resistor to which the sum wave is applied is 
the sum of the powers dissipated by the component waves applied separately. 
When noise currents from different sources are combined in parallel, 
average-square values of current or average noise powers are added. 
This law of combination is the reason that average-square value instead 
of rms value is a convenient measure of noise magnitude. 

The rule for combining noise waves differs greatly from the familiar 
rules for combining direct currents and equal-frequency sine waves. If, 
for example, direct-voltage sources of magnitudes /; and /. are placed 
in series, the total voltage is either EF, + 2 or LF, — Hz, depending upon 
relative polarities. The average-square voltage of the sum is therefore 
elther 


(i + Be)? = Hy + Be + 2k Ke 


or 


(Ey —— 2)? = Hy? + ie? aes DH 


That is, the average-square value of the sum is the sum of the average- 
square values of the components, plus or minus an interaction term 2K yh. 
Similarly, if two sine-wave sources of the same frequency are combined, 
fy, and 2 in the above equations may be considered rms values of the 
component waves, and the interaction term to be added then has any 
value from 2/,/’2 for in-phase waves through zero for waves in quadrature 
to —2h,f. for waves 180 deg out of phase. With noise waves from 
different sources, the interaction term is always zero—a fact which seems 
reasonable in view of the random phases of the smusoidal components 
of noise. 

Waves for which the interaction term is zero are said to be uncorrelated 
or zncoherent. Noise waves from different sources, a noise wave and any 
periodic waveform such as a sinusoid or a pulse, and sine waves of different 
frequencies are examples of uncorrelated waves. <A correlation or coher- 
ence exists between two waves if the interaction term differs from zero. 
Sine waves of equal frequency and not in phase quadrature are correlated, 
and a noise wave is correlated with itself or with a larger scale replica of 
itself. 

Tluctuation-noise voltages are of such minute magnitude that only 
those which arise in the first stages of the receiver are amplified sufh- 
ciently to be important. MeKi-circuit components in which noise 
originates include (1) linear, passive circuit elements (resistors, trans- 
formers, tuned circuits, transmission lines, and waveguides), (2) antennas, 
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(3) vacuum tubes, and (-4) silicon crystals. The fluctuation noise gener- 
ated by these clements is discussed in the following articles. 

Cireuits of the receiver beyond the first stage or two, thoueh not 
sources of noise of appreciable m; agnitude, do influence the noise limita- 
tion of signal discernibility. Beeause noise and signal are very different, 
in character, amplifying, deteeting, and indicating systems may to some 
degree operate upon the two types of waves differently. In linear 1-f 
and video amplifiers, distinetion between stgnal and noise ean result only 
from bandwidth restrictions. The effect of bandwidth is discussed in 
Art. 18. In detectors, indicators, or other nonlinear devices that may 
be attached to a receiver, effects ofa avery compheated nature can occur. 
A few possibilities are mentioned in Arts. 26 and 31. 





fe fs 
| 

SOURCE. LOAD SOURCE LOAD 
(A) CURRENT-SOURGE EQUIVALENT {B) VOLTAGE-SOURCE EQUIVALENT 


Fig. 20. Equivalent circuit for linear sine-wave source connected to linear load impedance. 


14. Noise in Linear Passive Circuits. A source of noise in a linear 
system, lke a signal source, may be represented as a current source 
shunted by an admittance (Tig. 20:1) or as an equivalent voltage-source 
circuit (Fig. 20B). In passive systems, there are no sources of power 
other than noise, and J and # may be considered complex numbers repre- 
senting a single sine-wave component of noise. Correspondingly, com- 
plex numbers ¥ and Z are source admittance and impedance at the fre- 
quency of the component considered, and VY; and Z, are complex numbers 
representing the admittance and impedance of a load that may be con- 
nected to the noise source. 

As a preliminary to the discussion of noise magnitudes, the adjustment 
of load impedance required for a source to deliver maximum power and 
the amount of this maximum power are of interest. Consider Y and VY, 
in Fig. 20A to be separated into conductance and susceptance compo- 
nents. Susceptance current contributes nothing to the power absorbed 
by the load but does cause a reduction of load voltage. For maximum 
load power, therefore, the susceptance current should be zero; that is, the 
load susceptance should be made equal to the negative of the source 
susceptance. With this condition met, / divides between the source 
conductance G and the load conductance G,, and the load power ?P 1s 
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where vertical bars denote the magnitudes of the complex numbers they 
enclose. The first factor in the final expression for P is independent of 
G,, and the second factor has a maximum value 4 when G;/G 1s equal to 
1. Thus maximum output power is obtained when the load 1s adjusted 
so that Yz, is the complex conjugate of Y. This adjustment is often 
called a conjugate match, or the load is said to be tuned (for zero total 
susceptance) and matched (for G, = G@). The power delivered when the 
load is tuned and matched, 


_ lf 
Pa = 4G 





6) 
ut 


(21) 


is called the avazlable power of the source. 
In similar fashion, the available power of the source in Fig. 205 may be 
shown to be 
|B? 
= 22 
P= (22) 
where R is the resistance component of Z, and this power 1s obtained when 
Z,is the conjugate of Z. If Figs. 20A and B represent the same source, 
G is the real part of Y = 1/Z, which is R/|Z|? or R{Y|*?. Also, J = YEH, 
and Eq. 21 becomes 
Ze. Pe ae 


4G 4R\¥2  4R 











ie 


in agreement with Eq. 22. 

Electrons in every conductor have a kinetic energy determined by the 
temperature of the conductor and because of this energy engage in a 
chaotic, random motion. The electron motion causes the charge at each 
point of the conductor to fluctuate erratically, but only by a minute 
amount. Noise currents and voltages in linear, passive elements result 
from this fluctuation of charge and are called thermal noise or thermal- 
agitation noise. The magnitude and frequency spectrum of thermal 
noise can be calculated from a very simple relationship that has been 
derived theoretically! and amply verified experimentally.” One form of 

y 


1H. Nyquist, ‘‘Thermal Agitation of Electric Charge in Conductors,’ Phys. Rev., 
32 (July, 1928), 110-113. 

2 J. B. Jounson, “Thermal Agitation of Electricity in Conductors,” Phys. Fev., 
32 (July, 1928), 97-109. 
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this relation, an expression for the available noise power at any terminal 
pair of a linear, passive network having all its components at the same 
temperature, is 
AFReo= Tf (23) 
where 
Afis the width of a band of frequencies within which sinusoidal com- 
ponents of noise are considered. 
AP, is the available noise power within this frequency band. 
Tis the temperature of the network in degrees Nelvin (degrees 
centigrade plus 273). 
is the Boltzmann constant, a basic physical constant relating tem- 
perature to energy. Its value is 1.38 X 107°% joule per degree 
helvin. The quantity AZ’ is an energy, and multiplication of 47’ 
in joules by Af in eveles per second yields AP, in joules per second 
or watts. 

As an illustration of the appheation of Eq. 28, the open-circuit noise 
voltage of a resistor may be computed. Let the noise source be a resistor 
R, so that Z in Fig. 20B becomes /?. In that figure, / is the complex 
rms value of a single sine-wave component of open-circuit voltage for 
which the average-square value is |/|?.. The symbol A|/|? may be used 
to denote the sum of the average-square values of all sinusoidal com- 
ponents in the frequency band of width Af. From Iiqs. 22 and 23, 
therefore, 














ee ae 
Nee = eg 
and 
Ale |? — ae iay (24) 


Because 4/4 7'F is constant, Eq. 24 indicates that the average-square value 
of the open-circuit resistor noise voltage in a band of fixed width is inde- 
pendent of the center frequency of the band; that 1s, the frequency 
spectrum of resistor noise is a horizontal line. Noise of this character is 
often called white noise. If, for example, /? 1s a 1,000-ohm resistor at a 
temperature of 17 C, between input terminals of an amplifier having a 
2-Mcps pass band, then the input noise voltage that 1s amplified has an 
average-square value 


4X (1.38 X 10-25) x (273 + 17) X 1,000 x (2 X 10°) 


= 32.0 X 107! volts squared 


or an rms value of 5.65 pv. 
A relation similar to Eq. 24 yields the average-square short-circuit 
noise current obtained from a resistor of conductance G. 


AI? = 4kTGAf (295) 
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Equation 25 1s obtained from Fig. 20A and Eqs. 21 and 23 in a manner 
completely analogous to the derivation of Eq. 24. 

A somewhat more general example 1s the calculation of the open-circuit 
voltage of any untform-temperature linear network. Equations 22 and 
23 apply, as in the resistor example, but /? 1s now the resistance component 
of the network impedance and may be a function of frequency. With R 
thus defined, therefore, Eq. 24 apples to any impedance. Similarly, Eq. 
25 applies in general if G is the conductance component of the network 
admittance. If Y in Fig. 204 1s a conductance, capacitance, and induct- 
ance in parallel, the current source has the uniform spectrum associated 
with constant conductance. ‘The open-circuit noise voltage results from 
this source current flowing through Y and has a spectrum with the shape 
of a resonance curve—the average-square voltage is proportional to the 
square of the impedance of the tuned circuit. 

If the components of a network are not all at the same temperature, 
Eq. 23 may be applied to each of the uniform-temperature parts in turn. 
The total average-square value of the noise delivered by the network is 
then the sum of the average-square values of the contributions from the 
several parts. 

Because thermal noise is the result of kinetic energies of electrons deter- 
mined by temperature, principles of thermodynamics may be expected 
to apply to noise. Consider resistances Rk, and Re. at temperatures 7, 
and 7's, respectively, with their terminals connected. The noise power 
delivered by FR, to Reis mkT Af, where m is a mismatch factor relating 
the power delivered to the power available from R;. Calculations similar 
to those used in the derivation of Eq. 21 show that m is 4/(,/Ro/Ry + 
\/F3/R,)°. Because the mismatch factor is unaltered when R, and Re 
are interchanged, the noise power that Re delivers to R, 1s mkTeAf, and 
the net transfer of power in the direction RR, to Fe is 


Py = mk(T, fe Lay 


The equation for Pye is in accord with the second law of thermody- 
namics. It mdicates that noise currents transfer energy from a resistor 
at high temperature to one at low temperature. In a fictitious system 
perfectly insulated from its surroundings, transfer of noise power would 
eventually bring the resistors to thermal equilibrium—a condition of 
equal temperature and no net power transfer. Such considerations have 
been used in the theoretical derivation of Eq. 23. 

Lhe net power transferred cannot,be used in the calculation of noise 
currents or voltages because the total average-square voltage is the swm 
of the average-square contributions from the two resistor-sources. For 
example, if resistors ty and ft, are both at temperature 7’, the net power 
transferred is zero, but a nonzero noise voltage exists. The power 
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mkTAf transterred to Re produces an average-square voltage mkTR.Af 
across My—-and also across 24, because the terminals are connected. The 
same noise power transferred to Ry produces an average-square voltage 
mkTR Af at the same terminals. The total average-square voltage at 
the terminals is thus 





ACR, a IP») Af 


A\E —————— 
(\/Ri/Ro + VW Re/R3)? 





2 = mkT(Ry + Re)Af = kT 


yh» 


= - 
: lv, + LY» 


Af 
in agreement with the value obtained by applying Iq. 24 to the parallel 
combination of #y and Pe. 

15. Antenna Noise. The resistance component of antenna impedance 
may be divided into a small part resulting from losses in the antenna and 
a large part, the radiation resistance (Art. 2, Chap. XIII), associated with 
the radiation properties of the antenna. As may be expected, the dis- 
sipative resistance gives rise to noise because of thermal agitation of 
electrons in the antenna conductors. The radiation resistance gives rise 
to fluctuation noise also because thermal-agitation noise radiated from 
the antenna surroundings is received by the antenna. Were the antenna 
and all its surroundings at the same temperature, Eq. 23 would specify 
the available antenna noise power. (To justify this statement, thermal 
equilibrium of the antenna and its surroundings with an antenna-load 
resistance is considered. Zero net power is then transferred to the 
resistor, and therefore the power available from the antenna equals that 
available from the resistor.) Of course, the objects surrounding the 
antenna are actually at a variety of different temperatures, and an 
experimentally determined effective temperature must be used to specify 
actual antenna fluctuation noise. Because noise power is received mainly 
from objects within the major lobe of the radiation pattern, the effective 
temperature depends upon antenna orientation. 

In addition to thermal agitation of electrons, many sources of interfer- 
ence, such as atmospherics, ignition noise, and near-by radar-frequency 
equipment, contribute to the unwanted signals at the antenna output. 
The frequency spectrum of interference is not uniform, and at radar fre- 
quencies interference can often be neglected relative to fluctuation noise— 
unless other radio equipment of the same frequency is operated near by or 
intentional interference 1s present. 

The fluctuation noise generated in the antenna resistance at a tempera- 
ture of 290 Ix (17 C) is usually taken as a standard value of antenna noise. 
By use of this standard, the noise properties of the receiver may be 
separated from the noise characteristics of the antenna and wave-propaga- 
tion medium. The relation of noise gencrated in the receiver to the 
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standard antenna noise is a measure of the receiver merit (see Art. 17), 
and laboratory noise testing may be performed with the antenna replaced 
by a resistor. The relation of the actual antenna noise to the standard 
noise 1s determined by the antenna directivity, the operating frequency 
of the radar system, and the site and orientation of the antenna. High 
directivity improves the signal-to-noise ratio because it reduces the 
response to noise and interference waves arriving from directions other 
than the direction to the signal source. An operating frequency in a low- 
interference region of the frequency spectrum is desirable. 

16. Vacuum-tube and Crystal Noise.' Nonlinear circuit elements, 
hke linear elements, generate fluctuation noise because of a randomness in 
the motion of electrons. The detailed mechanism of noise generation is 
different, however, and the average-square value of the noise cannot be 
calculated so readily. Discussion of vacuum-tube noise begins with 
diodes, despite the fact that these tubes are seldom used in noise-sensitive 
recelver-input circuits. The diode discussion aids the understanding of 
noise In amplifier-type tubes and in crystals. Furthermore, a special 
type of diode serves as a standard noise source in noise-measurement 
experiments. 

Diodes. Noise currents are so tiny that in the absence of other varylng 
currents a diode operates over an essentially straight portion of its non- 
linear %, e characteristic. Therefore, the diode as a noise source may 
be represented by either of the linear equivalent circuits for a source in 
Hig. 20, provided the parameters in the circuit are adjusted to correspond 
to the operating point employed. The source impedance Z = 1 pad 
becomes the impedance of the parallel combination of incremental plate 
resistance r, and plate-cathode capacitance C,,. The voltage generator 
i represents the open-circuit noise voltage, and the current generator [ is 
the short-circuit noise current. Open circuit and short circuit refer to 
conditions in the linear equivalent circuit. <A high a-c load impedance 
may provide essentially open-circuit conditions at frequencies of interest, 
even when a circuit of low d-c resistance is used to control the operating 
point. | 

The incremental resistance r, and the average-square values of or J 
in the equivalent circuit determine the available noise power of a diode. 
In general, the available power in a frequency range Af is different from 
the linear-impedance value kTAf and in fact depends upon frequency and 
choice of operating point. The available power 1s, however, propor- 
tional to Af and to the cathode temperature of the diode and therefore 
may be specified as kaT’,Af, where“, is the cathode temperature and a is 


' For a very readable summary of vacuum-tube noise see B. J. THompeson, ‘General 
Survey,” Part I of ‘Fluctuation in Space-charge-limited Currents at Moderately High 
Frequencies,” RCA Rev., 4 (January, 1940), 269-285. 
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the norse-lemperature ratio of the diode, or ratio of available noise power 
trom the diode to k7;Af, the available noise power of a linear impedance 
at cathode temperature. The diode may be replaced in noise calculations 
by a linear resistance r, Gn parallel with Cp.) at a temperature a7’,. 
This temperature is the equivalent notse temperature of the diode. 

The speeial diodes employed in noise measurements have tungsten 
cathodes and—in contrast to diodes in normal radio and radar cireuits— 
are so operated that the plate current is femperature limited. ‘That 1s, 
the plate voltage is made high or the cathode-heating current low so that 
all electrons emitted by the cathode travel to the plate. In such opera- 
tion, r, is exceedingly high because the plate current, being determined 
by cathode emission, is little affeeted by plate-voltage variations. The 
tube may be considered, for most purposes, a source of noise current 
independent. of load tmpedanee, and the concept of available power loses 
significance. The tube is useful as a noise standard because the average- 
square value of noise current ean be determined with accuracy from the 
theoretical relation 


All 





2 = 2Q-1Af (26) 
where 
A\T\? is the average-square value of noise-current components in the 
frequency range Af, 
Q. is the magnitude of the charge of an electron, 1.602 K 107” 
coulomb, 
I, is the average plate current of the diode. 

Diode noise is a result of randomness in the emission of electrons from 
the cathode. Emission depends upon the thermal motions of electrons 
within the cathode metal, and the irregular nature of the thermal motions 
produces erratic fluctuations in the rate of emissions. In temperature- 
limited operation, the emission fluctuations appear directly as noise in 
the plate current and are called shot-effect noise. In space-charge limited 
operation, the available emission current greatly exceeds the actual plate 
current, and the space charge has an important smoothing effect upon 
plate current. The resulting noise currents have values much less than 
specified by Eq. 26 and are attributed to the reduced shot effect. Calcula- 
tions! show the available noise power to be 0.6447;,Af (or noise ratio 
a = 0.64) for diodes of normal geometry operated in a usual region of the 
space-charge-limited range and at any frequency up to a few tens of 
megacycles. Experiments often yield somewhat greater noise-tempera- 
ture ratios because the reduced shot effect is so small that other causes of 
fluctuation in electron flow have a measurable effect. 


1A. J. Rack, “Effect of Space Charge and Transit Time on the Shot Noise in 
Diodes,” B.S.7T.J., 17 (October, 1938), 592-619. 
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Consideration of a diode with plate and cathode at the same elevated 
temperature in thermal equilibrium with a linear impedance might be 
thought a means of showing (in the same way as was done for an antenna 
in Art. 15) the diode and linear impedance to have equal values of avail- 
able noise power and thus proving a = 1. If noise currents alone are 
present in the diode-and-impedance system, such an argument is valid. 
Inclusion of a battery in the circuit to shift the operating point a\ ray from 
é, = 0 provides a source of energy, destroys the thermal equilibrium, and 
invalidates the argument. 

Crystals. Hither circuit of Fig. 20 may be used to represent the noise- 
generating properties of a mixer crystal. Because the crystal, like the 
diode, is a nonlinear element (see Art. 12), the parameters of the equlv- 
alent circuit are functions of the point on the crystal characteristic about 
which operation occurs. The available noise power may again be 
expressed as kaT'Af, where a is the noise-temperature ratio of the crystal. 

The theory of noise generation in crystals has been investigated at some 
length,’ but the processes involved are not yet completely understood. 
Experimental values of @ obtained in the range of radar intermediate fre- 
quencies (15 to 60 Meps) range from somewhat less than unity to about 
5.0 for currents in the forward direction and are several times as large for 
currents in the reverse direction. Theoretical calculations are in rough 
agreement with these values but fail to account for another experimental 
result: At frequencies less than about 1 Meps, a increases in inverse pro- 
portion to the frequency and rises to 100,000 or more at low audio 
frequencies. 

In radar-receiver mixers, the voltage at a crvstal is the sum of very 
minute noise and signal voltages and a relatively large local-osceillator 
voltage. ‘The oscillator voltage sweeps the operating point over a wide 
range of the crystal characteristic, and the crystal noise power of interest 
may be thought of as an average of the noise powers delivered during 
different portions of the cycle of local-oscillator voltage. The correspond- 
ing available noise power may be expressed as ktT’Af, where ¢ is the appar- 
ent value of the noise-temperature ratio in the varlable-operating-point 
mixer application. Values of ¢ depend not only upon the local-oscillator 
power and the intermediate frequency at which the noise is measured but 
also to a small extent upon r-f adjustments in the crystal circuit. Typical 
30-Mecps values for standard crystals are indicated by the noise-tempera- 
ture ratios of Table 1 (p. 376). The significance of ¢ is discussed further 
In connection with other mixer chakacteristies in Art. 28. 

Triodes. ‘The equivalent clreuits of Fig. 20 are inadequate for repre- 
senting the noise-generating properties of triodes because a triode is not a 


1H. C. Torrey and C. A. Wurrmer, Crystal tectifiers, 179-197 (McGraw-Hill Book 
Company, Inc., New York, 1948). 
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two-terminal impedance. The analogue of lig. 20:A for an amplifier tube 
is drawn in Fig. 21.4. This eireuit may be considered a representation of 
Eqs. 20, p. 336, with the current /; added to the first equation and [2 
added to the second. These currents are short-circuit currents analogous 
to J in Fig. 204. They represent noise currents at the terminals when 
Fk, and E, are zero, that is, when a-c short circuits are placed from grid 
to cathode and from plate to eathode. If ezther short. circuit 1s removed, 
noise currents at both terminal pairs are altered, and the amount of the 
change ean be ealeulated from the cireuit. of Fig. 2lA. The cireurt 
between sources /; and /2 is the equivalent circuit of lig. 142 and 1s 


analogous to } in Fig. 204. 
lg— eet) Cgp 
U “ 
“| ® ie 
E! 
Gan I, Om g 
2 =) ie 


(A) CURRENT-SOURCE EQUIVALENT (B) EQUIVALENT WITH I> REFERRED TO GRID 
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Fic. 21. Triode equivalent circuits including noise sources. 


The magnitudes of J; and Js, which depend upon the operating point of 
the tube and the frequencies of the noise components considered, may be 
determined by experiment. Approximate values can be determined from 
theoretical considerations. Noise arises in the space-charge-limited 
cathode current of a triode because of the reduced shot effect, exactly as 
it does in a diode. In general, cathode-current noise fluctuations divide 
between grid and plate circuits of the triode and contribute to both J; and 
I>. If the grid-bias voltage is negative, and if the frequency range con- 
sidered is so low that induced grid current and lead inductance may be 
neglected, then no noise current appears in the erid circuit; 7; 1s zero, and 
I. is the result of the entire cathode-current fluctuation. 

Consider the “diode” formed when an a-c short circuit is placed 
between grid and plate of a triode. In the frequency interval Af, the 
available noise power of the diode is kaT;,Af, where @ is of the order of 
unity (but not exactly 0.64 because of the peculiar geometry of the 
“diode”). Ina low-frequency range, the plate conductance of the diode 
(determined from Fig. 214A with 1/R, = 0 and EH, = E,) iS gm + 1/Tp, OF 
gm(1 + 1/p). The average-square value of the short-circuit diode noise 
current is therefore, by Eq. 25, 


AII|2 = 4ka ( + :) Tignidf (27) 
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This diode current equals the cathode current of the triode when grid and 
plate are both connected by a-c short circuits to the cathode; thus Eq. 27 
specifies the average-square value of the sum of J 1 and Jz, Though 
derived from low-frequency consideration, Eq. 27 is nearly correct when- 
ever transit times are small fractions of sine-wave periods and may be 
used as an approximation at radar intermediate frequencies as well as at 
lower frequencies. 

In the same way that space-charge variations due to grid signal voltage 
induce components of grid current, so also nolse fluctuations of space 
charge induce noise components of grid current. Noise entering the grid 
circuit in this manner is called induced grid noise. The magnitude of the 
induced noise currents can be calculated at frequencies for which the 
space charge at each point of the tube varies essentially in the same phase. 
Values so obtained are approximately correct even at frequencies as high 
as radar intermediate frequencies. 

When the variation of space charge is everywhere in phase with te, the 
electron current leaving the cathode, the induced grid charge is K,2,, as in 
Art. 11, and the corresponding induced current is K.di./dt. Because of 
the differentiation, each sine-wave component of induced current leads 
the corresponding component of 7, by 90 deg, and the amplitudes of 
induced-current components are wk, times the amplitudes of correspond- 
ing components of 7... The average-square value of induced noise currents, 
therefore, computed from the average-square value of 7. in Eq. 27, is 


A\l,|° 


| 


(wK,)24he (1 at 4 TF aah 


Ahak 27, 0, € “ al Af 
u 


In this equation, the frequency interval Af must be a small percentage of 
its center frequency in order that w may be considered constant within 
the interval. The discussions of Arts. 10 and Ll show that w7g,,(1 + 1/p) 
IS proportional to 1/R,; that 18, w°gn(1 + 1/n) equals K/R,, where K is a 
constant of proportionality. Thus 





AlIi|? = 4k(aK2h)T, — Af 
has, 
or 
Alf ,}? 4 tha;T’, a Af (28) 
\- Ka 
where a; is aK,2K. ’ 


Equation 28 results because both | /R, and the average-square value of 
induced grid noise vary ag the square of frequency. Because of this 
coincidence, it is convenient to think of induced grid noise as the noise in 
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a linear resistor R, having a noise temperature (see Eq. 28) of a;7;, or a 
noise-temperature ratio a; The value of a; is about I. if 1/A, is 
the component of grid conductance due to transit-time effects alone.! 
Cathode-lead inductance might also be expected to cause noise m the grid 
circuit) because of the voltage produced across the inductance by noise 
fluctuations of cathode current. Calculations indicate that the average- 
square magnitude of such noise, which increases with the fourth power of 
frequency, has a negligible value relative to induced grid noise even at 
the highest. frequencies of radar i-f amplifiers. 

Because the average-square value of induced grid noise is proportional 
to the square of frequency, /; may be considered zero in video-frequency 
amplifiers and J, may be taken to equal the total cathode-current noise 
specified by Eq. 27. In intermediate-frequency amphtfiers, 7, must be 
calculated from Eq. 28. Throughout the radar i-f range, the values of 
AlT,|? are small relative to Al/|?, because 1//, is small relative to gm. 
[Compare Eqs. 27 and 28. The factors «(1 + 1/u) and a; are roughly 
equal, as each is of the order of umty.] Therefore, the decrease of Le 
caused by cathode current diverted to the grid circuit is neghgible, and 
Keq. 27 specifies J. for i-f amplifiers as well as for video amplifiers. 

For convenience in noise calculations, the current generator J, m Fig. 
914 is often replaced by the equivalent grid-circuit noise-voltage gen- 
erator Es of Fig. 21B. The two circuits are equivalent because current 
source Jmiig in Fig. 216 is 


I» 
Cues 5 “a Gu Es 5 a Eo) = Gee = i Yim ce 


rt 


a Imlhg a I, 


The change of sources is made in order that relations among shot noise, 
induced grid noise, and thermal noise may be visualized more readily. 
The average-square value of E2, according to Eq. 27, 18 





All 4\? | ] 
siege = SU = ate (42) 
Ym L Ym 
cna 
where 7 is a standard temperature, usually taken to be 290 Ix, and 
LENp ere 

oq = yee 29 
Reg a(t a ‘) as Ge ( ) 


is the equivalent noise resistance of the tube. A resistor R,, in the position 
of EF. in Fig. 21B would produce the same noise in the plate circuit as does 
the reduced shot effect. Because e(1 + 1/u) is approximately 1 and 
T,,/T is about 3, Reg 1s roughly 3/gm. 

1C. J. Bakker, “‘Fluctuations and Electron Inertia,” Physica, 8 (January, 1941), 
23-43. 
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Specification of accurate values of fveq for specific tubes, operating 
points, and frequency ranges is a common and convenient method of 
stating the plate-circuit noise generation in an amplifier tube. If R, and 
/, in Fig. 21B are negligible, ?.,, has the particular advantage of showing 
by its relation to the input-circuit resistance the relative importance of 
shot noise and input-circuit thermal noise. 

If induced grid current is not negligible, the phase relations among the 
sinusoidal components of induced-grid-noise current and equivalent shot- 
noise voltage must be considered in a determination of the total noise. 
If 2; and /, are complex numbers representing single-frequency noise 
components, and if Z, is the complex grid-cathode impedance, then 
single-frequency components of the total tube noise referred to the erid 
voltage are represented by Z,J, + Es. Current J, is 90 deg ahead of FE, 
in phase, and Z,/, is in quadrature with J. if the erid circuit is tuned so 
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Fie. 22. Sources of noise in a pentode. 


that Z, is a resistance. Under this condition, average-square values of 
the two noise voltages may be added as if the two sources were independ- 
ent. If the grid circuit is detuned, the quadrature phase relation is 
altered, and the total noise referred to grid voltage may be either greater 
or less than the sum of the average-square values. 

Pentodes. The noise-generation equivalent circuits of F ig. 21 apply to 
pentodes as well as to triodes, provided the parameters in the circuit 
are correctly evaluated. The plate-circuit noise current J a Clee er 
Z1A includes noise from a source not present in triodes, which may be 
explained in terms of the more detailed circuit of Fig. 22. This circuit 
includes, for purposes of explanation, noise-current sources in the screen- 
grid circuit, even though such currents flow in the screen-grid-to-cathode 
short circuit and have no direct effect upon the amplifier output. 

Current source / represents the reduced-shot-effect noise in the cathode 
current, which noise occurs exactly as in’ a diode or a triode. Source J, 
is the induced grid current caused by eathode-current fluctuations in the 
same way as ina triode. Variations of cathode current divide between 
screen grid and plate in very nearly the same proportion as does the 
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average cathode current. Therefore, if /z, /-2, and /; are average values 
of plate, sereen-grid, and cathode current, respectively, source / divides 
into a plate-circuit noise current /(/,//;,) and a sereen-grid-circuit noise 
current 7 (/.2//,), as indieated in the figure. Similarly, if giz 1s the trans- 
conductance relating eathode-current variations to voltage variations at 
erid 1, the erid-to-plate transconductance gn, appearing mn the figure is 
very nearly giz(/2/1x).- 

The additional noise in pentodes is called interception noise or partition 
noise because it results from a randomness in the interception of electrons 
by the screen grid. The resulting chance variations in plate current and 
screen-grid current are represented by the notse-current souree /,in Mig. 
29 The greatest: magnitude of interception noise occurs mn tubes for 
which the random current-division process affects the entire electron 
stream and is! 


=o (30) 





All; = 20 





where AlJ,|2 is the average-square value of the interception-noise current 
and Q, is the magnitude of the charge of an electron. 

Because interception noise and shot noise arise from independent 
sources, they are uncorrelated, and average-square values may be added 
to obtain plate and screen-grid noise currents. ‘The total noise in each of 
these currents can never exceed the shot noise that would be present if 
the currents were obtained from temperature-limited cathodes. ‘Thus 
interception noise has the effect of partially removing the smoothing 
effect of space charge. 

If circuits are employed that combine noise in the screen-grid current 
with noise in the plate current, average-square additions cannot be made 
because, as indicated by the sources in Fig. 22, the shot-noise currents 
the tio circuits are correlated as are the interception-noise currents. 
For example, if an a-c short circuit is placed between plate and cathode in 
Fig. 22, interception noise 1s confined to the path from screen grid to 
plate and only shot noise appears in the cathode current. 

For pentodes, as for triodes, the relation of tube noise to input-circuit 
thermal noise may be measured by means of an equivalent noise resist- 
ance. The noise currents /(/,/Jx) and /; in the plate cireut correspond 
to uncorrelated grid voltages [(/¢/1x)/gm and 1:/gm. The average-square 
value of the equivalent grid voltage is therefore 
Re ire) ncaa? 

A|Eo)? = ~~ 7a t 
Gt San 








1D. O. Norru. “Multicollectors,’ Part IIT of ‘Fluctuations in Space-charge 
Limited Currents at Moderately High Frequencies,” RCA Rev., 5 (October, 1940), 
244-260. 
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and the equivalent grid resistance is 








ees = | aur I,” alr) 
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The average-square value of the cathode-current shot noise A\I|? is given 
by Eq. 27 if gm in that equation is replaced by the grid-cathode trans- 
conductance giz, and the interception-noise current A|/;|2 is given by 
iq. 30. Thus 
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The first of the terms within brackets in Eq. 31 has a value approxi- 
mating 3, and the factor outside the brackets equals 1 /gix. Thus the 
component of /., due to shot noise is roughly 3/g1,, which is comparable 
to the equivalent noise resistance of a triode. Use of the values of (. and 
k with the assumption 7 = 290 K yields for 2kT/Q. the value 49 volt. 
The component of R., due to interception noise is therefore about 
20(1 -2/gm)/giz, Which for most tubes lies in the range 5/giu. to 25/gix. 
Interception noise may therefore be expected to exceed reduced-shot- 
effect noise, and pentodes in general are materially noisier than triodes. 

17. Noise Figure. The over-all effect of the many noise sources in a 
receiver 1s frequently specified by means of the noise figure of the receiver. 
his quantity measures the noise generation within the receiver circuits. 
Antenna noise temperature measures the noise entering with the signal. 
The merit of the receiving system with respect to noise depends also upon 
the extent to which amplifiers, detector, and indicating device permit 
discrimination between signal and noise. 

Ihe noise figure! of any linear two-terminal-pair network can be defined 
in terms of its performance with a standard noise source connected to its 
input terminals. The available noise power of the standard source ina 
bandwidth Af is kTAf, with T = 290 Ix, the same as the standard value 
of antenna noise power (see Art. 14). The noise AN, at the output of 
the network within the same frequency band arises from amplification of 
the input noise and from noise generation within the network and may 
be expressed as ANjaca, + AN, where AN,,.. is the output noise of an idea] 
noiseless network and AN is the additional noise generated in the network. 


‘“\ 
'D. O. Norrnu, “The Absolute Sensitivity of Radio Receivers,” RCA Rev., 6 
(January, 1942), 332-343: H. T. F kus, “Noise Figures of Radio Receivers,”’ Proc. 
IKE. 32 (July, 1944), 419-422. 
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The noise figure 1s defined as 


AN, AN 
~ (32) 


ie 
AN jaca 


The noise symbols in Eq. 32 may stand for available noise power at the 
output of the network, or (because mismatch affects both quantities of 
each ratio in the same way) for the noise power delivered to a load of 
any impedance. Alternatively, without change in the value of /’, the 
symbols may refer to the average-square noise current or voltage delivered 
to anv load. 

Ordinarily the amplification or loss of a network is a function of fre- 
queney. Similarly, the noise per-unit bandwidth generated by elements 
in the network may vary with frequency. Consequently, a distinetion 
between single-frequency notse figure and integrated noise figure must be 
made. If Af signifies a bandwidth so small that variations of amplifica- 
tion and nonuniformity of noise spectra may be ignored, then Inq. 32 
defines the single-frequency noise figure. On this basis, noise figure may 
be determined for various locations of the band Af and plotted as a func- 
tion of frequency. If Af is a wide band containing all frequencies of 
importance in the network output, Eq. 32 defines the integrated noise 
figure. The noise quantity AN, then becomes N,, the total noise power 
(or average-square noise current or voltage) at the output; ANiaea and 
AN become Nyaca (the component of AN, arising from amplification of 
input noise) and N (the component caused by noise sources in the 
network). 

If the noise symbols represent available power, the value of AN jaca for a 
narrow bandwidth Af may be expressed as GkTAf, kTAf being the avail- 
able noise power of the source and G the avazlable-power gain of the net- 
work at the frequency of the band considered. ‘The single-frequency 
noise figure then becomes 
= AN, AN 


Ghat ~ | + GRTAT ae) 


The total available noise power resulting from amplification of the input 
noise is the sum of the contributions of many small frequency bands that 
together cover the entire frequency range. ‘This sum may be expressed 


as the integral [ . GkTdf, and the integrated noise figure is therefore 


see 
a GkT'df 


N, being the total noise power available from the network output 
terminals. 
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Another common form for the single-frequency noise figure is obtained 
if the source is supposed to supply, within a narrow frequency band, both 
the noise AN; and a signal AS,, the resulting output signal being AS,. 
These symbols, like those of Eq. 32, may stand for available power, 
delivered power, or average-square current or voltage, provided only one 
interpretation is used throughout a relationship. Within the narrow 
band considered, AS,/AS; equals ANiaea/AN;, because each ratio is the 
gain of the network. Therefore, from’ Eq. 32, 


AN, AN, _ AS;/AN; 


= Nee = (AS,/AS;)AN; - Ni ne 


(34) 
Hquation 34 states that the noise figure is the ratio of the input signal-to- 
noise ratio to the output signal-to-noise ratio. 

Noise figures of networks in cascade (consecutive stages of a receiver, 
for example) can be combined in a simple manner. As an illustration of 
the method, consider a cascade of three networks. Let Gy, G2, and G3 be 
the available-power gains of the first, second, and third networks, respec- 
tively, and let #1, Fz, and F; be the corresponding noise figures. The 
over-all avatlable-power gain is G = G,GeG3. The over-all noise figure in 
terms of Eq. 33 is 





- AN ore AN 1G.G3 4 AN.G3 = AN 3 
= 1+ appag = 1 + GGalsk Tf 


where AN is the available output noise power due to noise sources in all 
three networks, AN, is the available noise power at the output of the first 
network caused by noise sources within that network, and AN» and AN, 
are corresponding quantities for the second and third networks. Thus 





i AN l ] AN. | AN» 
“= 14 aera + Garrat t GGT 
or 
Py 
os FF, fel “a he Gaet oy 


Equation 35 indicates that the effect of noise sources in stages of a 
receiver other than the first is reduced because of the division by the 
available-power gains of all preceding stages. As a result, the noise 
hgure of a receiver usually equals the noise figure of the combination of 
r-f amplifier (if any), mixer, and first i-f amplifier. Observe, however, 
that, if the available-power gain of the first st: age is less than 1, the effect 
of noise generation in the second stage IS exaggerated. Tinatefors, every 
effort is made to ininimize attenuation of signals in input circuits. Such 
attenuation may occur in r-f systems, In mixers, and in i-f connecting 

cables. 
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Noise figure and available-power gain differ from many quantities 
used to describe a network in that they depend not only upon the network 
itself but also upon the impedance of the input source. Available-power 
gain, for example, is a maximum when the souree impedance is the com- 
plex conjugate of the network input impedance. Output-nnpedanee rela- 
tions have no direct. effeet upon noise figure and watlable-power gain. 

An example of the effeet of cireuit adjustments on noise figure is 
furnished by the tuned amplifier-input circuit of Fie. 234. Current 
generator / 1s the source of signal, and resistor R (assumed to have a noise 
temperature of 290 IX) is a source of noise entering with the signal. 
Resistors 2, and R,, are additional noise sources that cause the noise 
figure to exceed unity. Resistor R,., represents shot noise and inter- 
ception noise generated in the plate cireuit of the tube and is assigned the 
noise temperature 290 Ix. Resistor R, is the parallel combination of 





SOURCE TUNED CIRCUIT AMPLIFIER INPUT 


(A) BASIC CIRCUIT (68) RESONANT-FREQUENCY EQUIVALENT 
Fie, 23. Amplifier input circuit illustrating noise-figure relationships. 


erid-cathode circuit resistance (including the effect of tuned-circuit 
losses) and the grid-loading resistance of the tube. If induced grid noise 
is Important, the noise temperature of R, may be high. 

The single-frequency noise figure of the input circuit is to be evaluated 
at the resonant frequency of L and C. Within a narrow band surround- 
ing this frequency, the tapped-inductance resonant circuit 1s equivalent 
to an autotransformer of step-up ratio a (see Art. 11, Chap. LX), and the 
simphfied equivalent circuit of Fig. 23B apphes. Very small values of a 
make the transformed source resistance a? small relative to R, and the 
transformed average-square noise current of the source large relative to 
that of R,. Thus, if #., 1s ignored, the noise figure approaches unity for 
small values of a for which the source is connected essentially to an open 
circuit. Small values of a, however, make the voltage /, (both signal 
and noise components) very small and increase the importance of the 
noise of AR... With respect to /?., alone, the optimum adjustment of a is 
the matched-resistances adjustment a?h = FR, that provides the largest 
possible voltage &,. A compromise value of a between zero and the 
value corresponding to a resistance match provides the smallest com- 
bined effect of the two noise sources and results in a minimum noise 
figure. - 
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The minimum noise figure attainable in an amplifier depends upon the 
center frequency and the bandwidth requirements. Ina low-frequency, 
narrow-band amplifier, R, can be a megohm or more. Thus a can be 
adjusted so that a?f is small relative to R,, yet a? and R, in parallel are 
large relative to R.q (for low-noise tubes, R., may be less than 1,000 
ohms). In this way both the noise source associated with R, and the 
noise source represented by R., are made to have negligible importance, 
and the noise figure is reduced nearly to unity. In high-frequency ampli- 
fiers, i, may be little larger than R.,, and the noise temperature of R, 
may be high. Noise figures appreciably greater than unity are thus 
unavoidable, and the merit of a tube depends upon the relation of R, to 
ee 

Radar-receiver noise figures are limited in large part by the low ratio of 
Ki, to Req unavoidably present in high-frequency amplifiers. The r-f 
amplifiers sometimes employed in uhf receivers have moderately high 
noise figures for this reason. The i-f amplifiers of microwave systems 
have noise figures somewhat greater than unity, and the over-all receiver 
noise figure is considerably increased because of the less-than-unity gain 
of the mixer and because of mixer noise. Noise figures are often quoted 
in decibels. If F is a noise figure expressed as a ratio, then F ab, the noise 
figure in decibels, is 


Noise figures of radar receivers operating in several frequency bands are 
listed in Table 2. These figures are values for typical recelvers, not the 
best obtainable values. 


Taste 2. Typicat Noise Figures or RAparR RECEIVERS 





Noise figure 
Frequency band of system, 


eons Ratio | Decibels 
200 8 

1 OOO 10 LQ 

3,000 13 an 

9,000 |, ae 14 


24,000 | 40 16 





18. Receiver Frequencies and Bandwidths. The responses of the 
r-I, 1-f, and video-frequency sectiongy of a receiver (see Fig. 1, p. 339) to 
low-amplitude sine waves of variable frequency are shown by the curves 
of Fig. 244. The curve of r-f response represents the ratio of r-f mixer 
voltage to the voltage of a signal generator substituted for the antenna, 
the internal impedance of the generator being equal to the antenna 
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impedance. The i-f response is the ratio of the detector-input voltage 
to the intermediate-frequency voltage obtained from the mixer, and the 
video circuit response is the ratio of the voltage applied to the indicator 
tube to that obtained from the detector. 

The center frequeney of the r-f curve is f,;, the nominal radio frequency 
of the system. Broad-band r-f circuits are generally employed to allow 
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Fig. 24. Amplitude-frequency response curves of receiver. 


for normal variations of transmitter frequency. ‘The 1-f curve, centered 
at fiy, is the composite response of a number of tuned stages and is nar- 
rower than the r-f curve. ‘The 1-f amplifier provides most of the band- 
width limitation of the receiver as well as the major portion of the gain. 
Standard radar intermediate frequencies used in this country are 15, 30, 
and 60 Meps. 


i 


f 
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The r-f and 1-f response curves are combined in Fig. 24B. An r-f input 
voltage of a frequency either above or below the local-oscillator frequency 
Jose gives rise to a difference frequency that may fall within the response 
band of the 1-f amplifier. Therefore, the response of the i-f amplifier, 
when plotted as a function of the input frequency that causes the i-f 
signal, has the double-peaked shape indicated in the first part of Fig. 24B. 
The product of this curve and the r-f response curve is the response of the 
r-f and 1-f circuits combined and has the shape shown in the figure. The 
large peak in the combined curve represents the desired response of the 
receiver. ‘lhe small peak is called the ¢mage-frequency response. 

The curve of video-circurt response cannot be combined with the r-f 
and i-f curves in a similar manner because a single sine wave applied at 
the receiver input can cause only a steady direct voltage at the detector 
output, and no video-circuit output results. To measure over-all charac- 
teristics, a sinusoidally modulated input wave of carrier frequency f,; is 
employed. The modulation frequency is low relative to f;;, and therefore 
the carrier and side frequencies that make up the modulated wave (see 
Art. 4) fall within the frequency range of the large peak of the r-f-plus-i-f 
curve. ‘This peak is approximately symmetrical about f,;, and thus the 
effect of r-f and i-f circuits upon the envelope of the input signal is the 
same as the effect of a video circuit having the response indicated by the 
frst curve of Fig. 24C’, which is one half of the r-f-plus-i-f response peak 
plotted against the frequency deviation from f,;. The over-all response 
of the receiver to sinusoidally modulated waves of carrier frequency f;; is 
therefore the product of the r-f-plus-i-f and video curves in Fig. 24C, and 
this product is shown by the final curve in that figure. The frequency 
scales in Tig. 24C are expanded relative to the scales of Figs. 244 and B. 

The response of the receiver to echo pulses of carrier frequency f,; may 
be determined from the last curve in Fig. 24+C by the method explained in 
Art. 7. The lower half-power frequency f, (which depends on the video 
circuits) determines the maximum length of pulse that can be reproduced. 
If the pulse length exceeds about 1/f;, appreciable peaking and overshoot 
may be expected. The upper half-power frequency fo (which depends 
upon r-f, 1-f, and video circuits) determines the steepness of the edges of 
the reproduced pulse. For pulse durations less than about 1/fe, a 
decrease of amplitude as well as a loss of edge sharpness occurs. 

Although bandwidth limitations in the r-f, i-f, and video circuits have 
equivalent effects upon the reproduction of pulse edges, they are not 
equivalent in some other respects.\. For example, r-f and i-f character- 
istics alone determine the relative’ response of the receiver to signals of 
different carrier frequency. If the transmitter frequency is somewhat 
variable, wide-band r-f circuits are necessary if the receiver is always to be 
in tune. Whide-band 1-f circuits also are required unless manual or auto- 
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matic tuning is used to compensate for the changes of transmitter 
frequency. 

With respect to note also, r-f,1-f,and video bandwidths have somewhat 
different effeets. Beeause fluctuation noise from all sourees has an 
average-square value proportional to bandwidth (see Arts. 13, 14, and 
lo), there is m general an advantage in making the bandwidth of each 
section no wider than is necessary for signal reproduction.  Radio-fre- 
queney and i-f selectivity have equivalent effects on noise entering with 
the signal, except that noise in the image-frequeney band can be reduced 
only by control of the r-f response. In microwave receivers, Nose gen- 
erated by the first 1-f stage is usually of major importance. Such noise ts, 
of course, independent of r-f bandwidth. The effect of video bandwidth 
with regard to noise is somewhat different from that of r-f and i-f band- 
widths because of a special characteristic of the detector. If the rms 
noise amplitude at the detector equals or exceeds the signal amplitude, 
the video-signal output is redueed by the presenee of the noise (see Art. 
26), and the signal-to-noise ratio at the deteetor output is less than the 
signal-to-noise ratio at the detector input. Bandwidth hmitation i the 
i-f amplifier reduces the noise amplitude at the detector and minimizes 
suppression of the signal by the noise. From the point of view of signal 
diseernibility and noise, therefore, the major bandwidth restriction of the 
receiver should occur in the 1-f amphfter. 

The bandwidth of each receiver section and the center frequency of the 
i-f section are to a considerable degree subject to control in the design of a 
receiver, and values are selected with a view to obtaining optimum 
receiver performance. Consider a particular case—selection of the 1-f 
bandwidth to maximize the ratio of peak echo-pulse voltage to rms noise 
voltage at the detector. 

The variation of signal and noise voltages with bandwidth is indicated 
in Fig. 25. Rms noise voltage, represented by the dashed curve, varies as 
the square root of bandwidth because average-square noise voltage 1s pro- 
portional to bandwidth. Peak signal voltage, to which the solid curve 
applies, is proportional to bandwidth when the bandwidth ts narrow and 
approaches a constant value for wide bandwidths. This type of variation 
occurs because the number of components utilized in the pulse spectrum 
of Fig. 5D, p. 347, is proportional to bandwidth. For narrow band- 
widths, the components are essentially equal in magnitude and at the peak 
of the pulse add to a sum proportional to their number. or wider bands, 
the magnitude of the added components is less, so that pulse height 
crows less rapidly with bandwidth. For bandwidths greater than 2/7 
(where 7 is the pulse duration), components of reversed polarity are 
added and a double-peaked pulse envelope is formed, as in Fig. 4C. 
Because increase of bandwidth causes a more rapid increase of signal than 
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noise in the narrow-band range and a less rapid increase of signal in the 
wide-band range, maximum signal-to-noise ratio is obtained for an inter- 
mediate value of bandwidth, which according to lig. 25 is somewhat less 
than 2/7. 

The curves of Fig. 25 indicate in a general way the bandwidth required 
for best detection of small signals amid fluctuation noise. The exact 
optimum i-f bandwidth generally lies within the range 1/T to 2/7, and 
large deviations from the optimum value cause only a minor loss in signal 
discernibility. The requirement for maintaining the receiver in tune 
with the transmitter must also be considered, and therefore a tendency 
to increase the bandwidth exists. Intermediate-frequency bandwidths of 
about 2/T are typical in receivers intended primarily to detect objects at 








GJ) 
© 
oO < 
<5 
3S 
eet 
— 
WwW 
wo 2 oo | 
eo 
2 1 . 
a 
ae SIGNAL 
eu Vi | — MAXIMUM ———— 
Pe NOISE 


~ 


/ 





| | 
| | 
| | 





Cal 
BANOWIOTH OF INTERMEDIATE - 
FREQUENCY AMPLIFIER 


Fig. 25. Relation of rms noise voltage and peak signal voltage to intermediate-frequency 
bandwidth. 


great range. If range accuracy and resolution are more important than 
maximum range, wider bandwidths are employed to increase pulse-edge 
steepness. For a pulse duration of 1 ws, an if bandwidth of 2 Meps, a 
much greater r-f bandwidth, and a video bandwidth of several mega- 
cycles might be expected in a search-type receiver. For accurate ranging, 
the i-f bandwidth might be increased to 5 Mcps. Technical difficulties of 
receiver construction increase with increasing bandwidth. Therefore, 
bandwidths less than optimum are sometimes employed, especially if the 
optimum value exceeds 5 Meps. 

An intermediate frequency of one of the standard values, 15, 30, and 60 
Mceps, 1s ordinarily chosen. The lower values have a considerable 
advantage with respect to noise: Grid loading and induced erid noise are 
reduced, and the noise figure of the first i-f stage 1s brought closer to 
unity. Reduced i-f noise is especially important in microwave systems 
which employ no r-f amplifier. Another advantage of lower intermediate 
frequency is the less serious misalignment of the amplifier stages caused 


ART. 19] TYPICAL VIDEO AMPLIFIER 40] 


by small changes in tube and circuit capacitances. Excessively low 
values of intermediate frequency, on the other hand, make difficult the 
separation of intermediate-frequency ripple from the video frequencies at 
the output of the deteetor. Low intermediate frequencies also reduce the 
separation of oscillator frequency, image frequency, and desired response 
frequency on the r-f seale. As a result, the noise contributed by image- 
frequeney response is increased. More important, the klystron local 
oscillators of microwave receivers generate appreciable noise in a band 
near the oscillation frequency, and the portion of this noise entering the 
receiver is Increased. Special mixer circuits in which oseiulator noise 1s 
canceled are available (see Art. 17, Chap. NIT). 

A 30-Meps intermediate frequency may be considered typical of a 
3,000-Meps system having a l-us pulse. For higher radar frequencies or 
shorter pulse durations a 60-Meps i-f amplifier may be advantageous. 
Ultrahigh-frequeney receivers, on the other hand, generally employ 
a pulse duration in excess of 1 us and have a 15-Meps intermediate 
frequency. 


B. COMPONENT CIRCUITS 


The principles developed in Sec. A are applied im this section to the 
components of the block diagrams of Fig. 1, p. 339. The order of 
presentation—video amplifiers, i-f amplifiers, detectors, mixers, afe cir- 
cuits, and anti-interference circuits—is chosen to permit logical develop- 
ment of the subject matter and is not at all the order in which signals 
traverse the receiver. 

19. Typical Video Amplifier. One of the many possible connections 
of video circuits in a receiver is shown in Fig. 26. The video amplifier 
receives negative echo pulses from the detector and supplies larger amph- 
tude pulses to a Type A indicator and to a plan-position indicator. ‘The 
Type A indicator is assumed to be housed in the same chassis as the 
video amplifier, whereas the plan-position indicator is located mn an 
adjacent unit and is connected to the video amplificr by means of a short 
cable. 

Negative pulses from the detector applied to the grid of pentode Vi 
produce positive plate-voltage pulses, which are applied through the 
cathode follower V3 and the interunit cable to the grid of the intensity- 
modulated indicator tube V7. Positive pulses from the cathode follower 
are also amplified by triode V4. The negative output pulses are applied 
to the bottom deflection plate of the Type A indicator, thus causing an 
upward deflection of the electron beam. Positive range-marker pulses 
applied to the cathode of V; have the same effect as negative grid-voltage 
pulses and provide comparison marks for range measurement with either 


indicator. 


% 
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‘To prevent the interunit-cable capacitance from reducing the high- 
frequency response of tube V3 and thus distorting the pulse edges, the 
cable is terminated in its characteristic resistance. As a result, the 
input resistance of the cable equals the characteristic resistance and is 
very low—100 ohms, for example. ‘Tube V3 1s therefore required to 
operate into a low-impedance load, and the cathode-follower connection 
is used for this reason. With a load impedance of 100 ohms or less, only 
shehtly more amplification could be obtained from an amplifier than from 
a cathode follower, and the coupling capacitor required between amplifier 
plate terminal and the low-resistance cable would be large and expensive 
and have considerable capacitance to ground. 
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Fic. 26. Typical video amplifier. 


In order that strong signals may not produce excessive brilliance and 
halation at the screen of the plan-position indicator, the circuit is designed 
to limit the maximum amplitude of the indicator grid-voltage pulses. 
In Fig. 26 this limiting occurs because of plate-current cutoff in tube Vy. 
The process is illustrated by Fig. 27, in which the full line represents 
actual plate voltage and the dashed line is the voltage that would result 
ii V, were linear over a wide range. ‘The highest peaks of the dashed 
curve correspond to a detector output voltage of roughly 25 volts, whereas 
tube V, is cut off by negative pulses of about 2-volt amplitude. There- 
fore, clipping or limiting of the output signal, referred to as video-amopli fier 
saturation, occurs. Saturation signals produce 10 to 20 volts across the 
contrast-control resistor, and the adjustable tap on this resistor is set to 
provide the desired change of indicator-spot brilhance between no-signal 
and saturation-signal conditions. Optimum intensity relations in the 
plan-position display are obtained by the correct combination of adjust- 
ments of contrast, intensity, and receiver-gain controls. 
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The hnuting effeet im tube Vy is moportant also in connection with 
blocking of the receiver. Suppose that the positive pulses available from 
tube Vy were of such large amphtude that the grid-to-cathode voltage of 
Vs beeame positive during the peak of the pulse. The resulting grid cur- 
rent would place an exeess charge on capacitor C. im the direction indi- 
‘ated by the plus and minus signs in Fig. 26.  [mnmediately after the 
pulse, the additional charge on C,. would cause a negative voltage at the 
ovid of \3, possibly of large enough magnitude to cut off V3. Thus httle 
or no amplification of weak signals occurrmeg after strong signals would 
be obtamed. Vhe video amplifier is said to be blocked while the excess 
charge remains on (.. 
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Fic. 27. Voltage waveform at plate of tube Vi in Fig. 26. 


One method of preventing video-amplifier blocking, illustrated by Fig. 
26, is to use a detector that provides negative video pulses so that block- 
ing of the first video-amplifier stage is impossible and to design the first 
stage so that its output pulses cannot be great enough to cause grid cur- 
rent in the second stage. Use of a cathode follower in the second stage 
(1’3in Fig. 26) makes such a design easier to obtain. If the detector pro- 
vides positive output pulses, direct coupling is often employed between 
the detector and the first video amplifier. The negative pulses from the 
first amplifier cannot cause the second stage to block, and the second- 
stage output is limited to prevent blocking of later stages. 

Clamper tube V2 in Fig. 26 is helpful if blocking charges do occur on 
capacitor C,, because any negative voltage at the grid of V3 causes V2 to 
conduct. Thus C, is discharged rapidly and the duration of the blocking 
interval is minimized. Even when limiting in V; prevents grid current 
in V3, an excess charge is accumulated by C. whenever a saturation signal 
of long duration occurs, and tube V2 serves to remove this charge quickly 
at the end of the signal. Capacitor C, could be made large to reduce the 
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voltage change caused by the charge accumulated, but then, without the 
clamper, the average value of the grid-to-ground voltage for V3 would be 
zero, and the voltage between pulses would have a negative value varying 
with the number and strength of the echo pulses present. The between- 
pulse intensity level of the spot on indicator tube V; would therefore be 
variable. Use of tube V2 ensures a fixed no-signal grid voltage for the 
plan-position indicator, from which value the grid voltage rises when 
echo pulses occur. A similar variation of the base line of the Type A dis- 
play could occur because of coupling capacitor C,, and clamper tube JV’; 
serves to fix the base line of this display. 

20. Video-pulse Amplification. In order to understand in more detail 
the amplification of pulses by circuits such as those in Fig. 26, consider 
again the first stage of Fig. 26 which is redrawn in Fig. 28 with assumed 
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Iria. 28. First stage of video amplifier of Fig. 26. 


parameter values marked. The 200-volt plate supply and 150-volt 
screen-grid supply indicated are obtained from the R-C circuits connected 
to the main supply marked /y in Fig. 26. The range-marker pulses are 
assumed to be derived from a cathode follower which, when no marker 
pulses are present, supplies a current of 3.5 ma to the cathode terminal of 
V, and which has an output resistance R of 500 ohms. The clamper 
tube V2 is omitted from Fig. 28 to simplify the calculations; its effect is 
considered later. 

The quiescent operating conditions of the tube in Iig. 28 can be 
obtamed by trial-and-error calculations from the plate characteristics of 
the Type 6AC7 pentode. The plate current so obtained is 9.8 ma, and 
the screen-erid current is 2.7 ma. ‘he current through resistor FR; is the 
sum of these two currents plus 3.5 ma from the cathode follower, or 16 ma. 
The voltage across R; is 125 «0.016 = 2 volts, or the quiescent grid-bias 
voltage is —2 volts. This value, together with the specified plate and 
screen-grid supply voltages, results in the electrode currents stated. At 
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this operating point the transconductance of the GACT may be taken to 
be 9,000 umhos, and the plate resistance is approximately 0.6 megohm. 

The quiescent voltage across the 2-Ix load resistor #,1s 2 XK 9.8 = 19.6 
volts. Negative pulses at the grid of tube 1 can, at most, cut off plate 
current and reduce the load-resistor voltage to zero. Thus 19.8 volts is 
the maximum amplitude of the positive pulses that; may be delivered to 
the erid of tube V3.) If VsgisaGAG7 connected as a triode with a 300-volt 
plate supply and a LOO-ohm eathode load resistance, a grid-to-ground 
voltage of about 22 volts is required to cause grid current. Because this 
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Fig. 29. Equivalent circuits for amplifier of Tig. 28. 


value excceds the 19.8 volts available, strong signals are prevented from 
blocking the video amplifier. 

If an input voltage ¢; of small amplitude is applied to the amplifier of 
Fig. 28, so that tube V; operates within a linear region near its quiescent 
point, the equivalent circuits of Ing. 29 are applicable. In Fig. 29A, V1 
is represented as the series combination of voltage source pe, and plate 
resistance 7, (e, is the deviation of the total grid voltage e. from its 
quiescent value). Resistor Ay’, the resistance between the cathode of V7; 
and ground, is the parallel combination of resistances R, and F# in Hig. 
28, or 

125 X 500 


eee eee } 
125 + 500 100 ohms 


Capacitor C, is the output capacitance of tube V,, C; is the input capaci- 
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tance of the cathode follower V3, and C,, is the capacitance to ground of 
the interstage wiring and coupling capacitance. 

A simplification of the equivalent circuit is presented in Fig. 29B. The 
capacitances Cy, Cw, and C; are added and the sum is called C:, the total 
capacitance to ground. The portion of Fig. 294 within the dashed 
rectangle is replaced by an equivalent parallel combination of current 
source and resistance. The equivalence is established from the relation 
of tp (see Fig. 294) to ep,, e,, and e;. . Thus from Pig. 29A 


tp(Tp + Re’) = weg + Con 


and 
Cy Se Ces inn 
or 
Cp eee UR a ty + Cpr, 
and 
tp = GJeqli + RAT Cpn (37) 


Ceiclicmgemicrequaleto 1/(l/g, 4 te (be u)/ujl. Equation 37 indicates 
that 2 is the sum of a current g,,¢; and the current that the plate-to- 
ground voltage e,, would send through a resistance To + Re’ + pz). 
Thus the circuit within the dashed rectangle 1s equivalent to a current 
Source Jee: 1n parallel with a resistor rp + R,’(1 + »). The value of 
HM = JnPp 185,400. Thusr, + R,’(1 + p) is 1.14 megohms, and this value 
of resistance in parallel with R, (2 KX) yields essentially 2 Ix, the value of 
Req in Fig. 29B. The equivalent transconductance Ges 


I 
aio ; mho 


9-000 + 100 
or 4,740 umhos, as indicated. 

Had there been no resistance in the cathode circuit of V 1, Fig. 29B could 
have been drawn directly. Instead of Jeq, the transconductance g,, would 
have appeared, and R,, would have been the parallel combination of R, 
and r, (essentially equal to Ry because of the large magnitude of r,). The 
effect of the cathode resistor, therefore, is merely to reduce the amplifica- 
tion in the ratio geg/gm, Which is 0.526. 

The circuit of Fig. 29B can be further simphified if the high-frequency 
and low-frequency performances of the circuit are considered separately. 
At high frequencies, capacitor C, is e ectively a short circuit, so that Fig. 
29B reduces to Vig. 29C, R, being the parallel combination of Teepe i 5: 
(Because of the high value of Ytg, M, does not differ significantly from 
Heq.) Similarly, at low frequencies, the current in C; is neghgible, and in 
Fig. 29D this capacitor is omitted. In this figure the parallel combination 
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Of gege, and A, is replaced (in accordance with Thévenin’s theorem) by a 
Voltage SOUrCE Jeglegti = 9.48e; in series with &.,, and the positions of 
Reg and GC. are interchanged. 

The ciremt. of Fie. 29C is hke that of Fig. 8:1, p. 355. Thus the 
response of the amplifier corresponds to Fig. 8C and falls off at Ingh fre- 
quencies. The time constant of the cireuit of Ing. 29C is ReCy, and the 
upper half-power frequeney of the amplifier is thus 1/272.:Ci In a 
sinilar manner, the circuit of ig. 29) corresponds to the one m Pig. OA, 
p. 350, and consequently the amplifier response falls off at low frequencies 
in the manner of the curve of Fig. 6C. The lower half-power frequency ts 
1/2aRh.C. when Reis Reg + Ig, as indicated in lig. 29D. Observe that: 

lL. The upper half-power frequency ts determined by Cy, the total shant 
eapacitanec, and P,, the resistance this capacitance faces in the equivalent 
cirewe. 

2. The lower half-power frequency is determined by C., the coupling 
capacitor, and R., the resistance this capacitor faces in the equivalent circreat, 


VOLTAGE 
AMPLIFICATION <a 
| | | 
ae 9.48 
| v2 | 
| 
QO} i59cPs 2.65MCPS { 


Fig. 30. Frequency characteristic for amplifier of Fig. 28. 


For the circuit. of Fig. 29, the amplitude response as a function of fre- 
quency is plotted in Fig. 30. The value of 2.C; is 0.06 us, and the upper 
half-power frequency is thus 1/27 X 0.06, or 2.65 Mcps. ‘The value of 
R.C. is 1,000 us, or 0.001 sec, and the lower half-power frequency 1s 
1/27 X 0.001, or 159 cps. The mid-band amplification, according to 
Fig. 29C, is ge,f?1, which is 4.74 X 2, or 9.48. The same value is obtain- 
able from Fig. 29D. 

Figure 29C, the high-frequency equivalent circuit, may be regarded 
also as an equivalent circuit that determines response to the edge of a 
pulse—capacitor C, in Fig. 29B cannot charge or discharge appreciably 
during the brief time interval at a pulse edge. Similarly, because 
capacitor C; draws little current during the periods between pulse edges, 
Fig. 29D is an equivalent circuit for determining response during these 
periods. The pulse response of the amplifier is thus a combination of the 
responses indicated in Figs. 9 and 10, pp. 357 and 358. ‘The effect of the 
amplifier on two rectangular I-my pulses is thus as shown in Fig. 31. 
The first pulse is 0.5 ws in duration and is noticeably distorted only 
because of the limited high-frequency response of the circuit. The 
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second pulse lasts for 500 us, and the only apparent distortion (slope of 
top and overshoot) is produced by lack of low-frequency response. 

Clamper tube V2 of Fig. 26, if included in the circuit of Fig. 28, has two 
effects. First, the plate-cathode capacitance of the diode adds to C;, thus 
increasing a little the rise time of the edges of reproduced pulses. Second, 
conduction current in the diode will alter the amplifier response whenever 
ez becomes negative. Negative values of ¢2 are obtained during the over- 
shoot in Fig. 31B, and the effect of the clamper on the overshoot is indi- 
cated by the dashed line in that figure. 





R,C, -=O0.06 us 





R.C.=1000us 


(A) O.5-y8 PULSE (B) SOO-ys PULSE 


Fig. 31. Response of amplifier of Fig. 28 to rectangular pulses. 


The time constant of pulse edges can be decreased, or the upper half- 
power frequency increased, only if either R; or C; is reduced. Capaci- 
tance Cy; can never be less than the capacitance C, + C; of the tubes 
employed, and reduction of R, produces a corresponding loss of mid-band 
amplification. Extremely wide bands can therefore be obtained only 
through sacrifice of gain. An indication of the value of an amplifier is 
therefore its ability to provide both. gain and bandwidth, and a con- 
venient figure of merit is the gain-bandwidth product. For an R-C-coupled 
amplifier (without the cathode resistor of Fig. 28, which would be removed 
or by-passed if maximum gain-bandwidth were sought), the mid-band 
amplification 1s g,J/e:, and the bandwidth (essentially equal to the upper 
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| See 


Gatn-bandwidth prod = Jm ee 
un-bandwidth product = gnlt: X RC, In C 


(38) 
The value gn/(C; + C.) assumed by g,,/Cr if the wiring capacitance is 
inored is considered a figure of merit for tubes to be used in wide-band 
amplifiers. The coeflicient of gn/Crin Eq. 38 is a property of the circuit; 
the value 1/27 applies only to the basie /?-C-coupled connection. 

21. Compensated Video Amplifiers. The gain-bandwidth product 
obtainable with aspecified tube type can be made greater than (1/27) gmn/C 
if an inductance is added to the cireuit of the R-C-coupled amplifier. One 
such circuit, the shunt-compensated amplifier, is shown in Fig. 324, and 
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(A) SHUNT COMPENSATED (B) SERIES COMPENSATED 


Fic. 32. Compensated video amplifiers. 


another, a form of serzes-compensated amplifier, appears in Fig. 326. ‘The 
designations shunt and series indicate that in the first circuit the com- 
pensating inductance lies in a branch of the circuit shunted between the 
signal path and ground whereas in the second circuit the inductance 1s a 
series element in the path of the signal. More comphcated circuits com- 
prising a combination of series and shunt compensation or containing a 
number of inductances and capacitances in a configuration resembling an 
artificial transmission line may be employed, but in radar amplifiers only 
the series and shunt circuits are common. 

The inductance in a shunt-compensated or series-compensated circuit 
has a small value, so that its reactance is appreciable only at high video 
frequencies. The frequency characteristics of the amphfiers in Fig. 32 
are therefore like that of Fig. 30, except in the high-frequency range, and 
the pulse responses differ from those of Fig. 31 only in the neighborhood 
of the pulse edges. Equivalent circuits for determining high-frequency 
and pulse-edge response are drawn in Fig: 33. The circuits of this figure 
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are simplified in that coupling capacitors are considered to be short cir- 
cults and r, and /?, are omitted because their resistances are large relative 
to the impedances they shunt. (Compare values of #1, r,, and R, in 
Art. 20.) Capacitor C; in Fig. 334 represents the sum of tube and wiring 
capacitances, as in Art. 20. Capacitor C, in Fig. 33B represents the 
component of C; on the plate side of inductance L; Cz represents the 
component on the grid side of the inductance. 

The circuits of Fig. 33 are drawn in such a way as to illustrate the 
similarities between compensated amplifiers and artificial transmission 
lines, or low-pass filters. Figure 334 indicates that the shunt-com- 
pensated amplifier is equivalent to a current source gnei connected to the 
input terminals of an artificial line comprising a single L section and 
terminated by resistor R,. The voltage developed across the input 





(A) SHUNT COMPENSATED (B) SERIES COMPENSATED 
Vic. 33. High-frequency (pulse edge) equivalent circuits of compensated amplifiers of 


Fig. 32. 

impedance is é2, the output voltage of the amplifier. Similarly, the series- 
compensated-amplifier equivalent circuit of Fig. 33B shows the current 
generator connected to an artificial line of one 7 section. The output 
voltage of the line is e, the output voltage of the amplifier. Were the 
artificial lines completely equivalent to real transmission lines, R, could 
be made equal to the characteristic resistance R, in each circuit, and the 
amplification would then be g,,/, for all frequencies. Actually, cutoff 
frequencies exist (see Art. 22, Chap. II) and limit the bandwidth, and 
even within the transmission band the amplification is not constant 
because of variations of the characteristic resistance. 

Lhe details of the performance of the shunt-compensated amplifier may 
be determined by calculating the amplification g,,Z, where Z is the 
complex-number impedance of L and R, in parallel with C;. The results 
may conveniently be expressed in terms of w,, the half-power angular fre- 
quency of the uncompensated circuit, and Q, the sharpness-of-resonance 
factor of the series 21, L, C; circuit. From Fig. 334A (above) and Art. 18, 


Chap. II, Ne 
. _ Vie, 
On = RG) and Q) — a ee 


If the values of R, and C; are constant and the value of 1. is adjusted to 
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provide a desired type of response, then Q? may be considered a measure 
of the magnitude of L. Thus 


ne L/C, ma L/RiC = wal 


32 a= a, 
" iene dies, Ry 


(39) 


that is, @* is the ratio of the reactance of L (at the half-power frequency) 
to the load resistance. 

The effects of the inductance on the frequency characteristic and on the 
pulse response are illustrated in Fig. 34. The Q = 0 curve of the ampli- 
tude-trequenecy plots in Fig. 34.4 corresponds to L = 0 and is like the 
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Fig. 34. Response of shunt-compensated amplifier. 


curve of Fig. 30. Introducing L causes an inductive-susceptance com- 
ponent of the admittance of the R,, L branch of the circuit in Fig. 33.4. 
This inductive susceptance partly compensates the capacitive susceptance 
of C; and increases the high-frequency response of the circuit, as indicated 
in Fig. 8344. For high values of L (corresponding to high values of Q), 
the resonance of L and C; causes a peak in the response curve, as ilus- 
trated by the Q = 1 curve. ‘The value V 4/2 — | = 0.644 for Q can be 
shown to provide transitional response—the greatest extension of band- 
width without a peak in the response curve. 

For the curves of Fig. 34B, the grid voltage e; is assumed to be a nega- 
tive pulse of amplitude /,, and the Q = 0 curve corresponds to the leading 
edge of the e2 pulse in Fig. 314. The initial slope of all the curves in 
Fig. 34B is the same, this slope being determined by the rate at which cur- 
rent gme; can charge capacitor C; (see Fig. 334A). For the Q = 0 curve, 
the rising voltage ¢2 causes some of the source current to flow through /tz, 
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thus reducing the rate at which C; charges and producing the exponential 
transient. With L present, the growth of current in Az 1s delayed, and 
essentially the initial rate of rise of e2 is maintained for a longer time. 
Large values of L are undesirable because of the oscillations that follow 
pulse edges. The transition between nonoscillatory and oscillatory 
response occurs for Q = 4, corresponding to critical damping. 

The value of Q employed in a shunt-compensated stage of a radar 
receiver depends upon the design of the other stages—the over-all fre- 
quency characteristic of the receiver should not be peaked nor have too 
abrupt a cutoff characteristic. As may be judged from Fig. 34, Q values 
of % to 1 are typical. If, for example, a Q of 4 is employed, the com- 
pensating inductance raises the half-power angular frequency from a, to 
\/2w,, and the gain-bandwidth product is increased from (1/27)gmn/C; to 
(1/+/2)gn/C; A somewhat greater increase of gain-bandwidth product 
is possible with the series-compensated circuit because the shunt capaci- 
tance is divided into two parts, Cy and Ce. 

22. Single-tuned Intermediate-frequency Amplifier. Video pulses to 
actuate the circuits of Arts. 19, 20, and 21 are derived by detection of 
intermediate-frequency pulses, which in turn are supplied by a high-gain 
i-f amplifier. The i-f circuits must respond to a band of frequencies 
centered about the intermediate carrier frequency—30 Meps, for example 
—because the important Fourier components of the i-f pulses lie within 
such a band. ‘The mid-band amplification required is of the order of a 
million, and the required bandwidth is 2 to 10 Meps, depending upon the 
pulse duration and the purpose of the radar system (see Art. 18). To pro- 
vide so much gain and bandwidth, 1-f amplifiers must usually comprise at 
least six carefully designed stages. 

A commonly used 1-f circuit is the single-tuned amplifier illustrated by 
the circuit diagram of Fig. 35. Note that each stage includes only one 
tuning adjustment—inductance L is varied until resonance between it and 
the total shunt capacitance of the stage occurs at the desired intermediate 
frequency. The adjustment of ZL is usually accomplished by moving a 
core within the turns of the inductance. The core may be made of 
powdered magnetic material; if so, the inductance of the coil is increased 
when the core is inserted. More frequently, the core is a nonmagnetic 
metallic conductor such as a brass screw. Eddy currents in the metal 
surface prevent magnetic flux from entering the metal. Thus the mag- 
netic field of the coil is restricted to the region outside the core, and the 
inductance of the coil is decreased ky insertion of the core. The adjust- 
able inductance is used for tuning.in preference to an added adjustable 
capacitor because, as is to be shown, obtaining maximum gain and band- 
width requires maintaining the total capacitance at the minimum possible 
value. 
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The frequency characteristic and pulse response of each stage of the 
sunplifier of Fig. 35 may be discussed in terms of equivalent circuits. An 
equivalent circuit for linear operation (ig. 364) is obtained directly 
from any one stage of Fig. 35 if by-pass capacitors C and coupling capaci- 
tor C. are considered to have negligible reactance at the intermediate 
frequency. In Fig. 364A, gmlfi, rp, and output capacitanee C, represent 
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Fig. 35. Typical single-tuned intermediate-frequency amplifier. 


the plate circuit of one of the Type 6GAI5 tubes, and C; and F, (see Art. 9) 
represent the input impedance of the next stage. Because inductance L 
is not loss-free, resistor /?z 1s included in the equivalent circuit to represent 
coil dissipation. Capacitor C,, represents the sum of wiring capacitances 
and the interturn capacitance of the coil. Combination of the parallel 
Tesistors 7,, fx, yz, and A, into fy and of the parallel capacitors C,, C., 
and C; into C; vields the simplified equivalent circuit of Fig. 36B. 





(A) FIRST EQUIVALENT CIRCUIT (8) SIMPLIFIED EQUIVALENT 
CIRCUIT 


Fic. 36. Equivalent circuits for one stage of amplifier of Fig. 35. 


Assume that, for the stage analyzed, the plate load resistor fz in I'ig. 
35 is 2.3 KX, the cathode resistor R, is 200 ohms, and the decoupling 
resistors # are adjusted to provide a plate-and-screen-grid supply voltage 
of 120 volts. Reference to the characteristics of the GAIXS shows the 
quiescent point to occur at a grid-bias voltage of approximately —2 volts. 
At this point the transconductance g,, is-4,800 umhos, and r, is approxi- 
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mately 500 Ik. For an intermediate frequency of 30 Meps, the values 
Rh, = 30 NK. and Rk, = 55 K may be assumed. Thus RF; in Fig. 36B is the 
parallel combination of 500, 2.3, 55, and 30 K, or R; = 2.05 I as indicated 
in the figure. The output and input capacitances of the GAIX5 are 2.1 
and 4.3 uuf, respectively, and therefore, if C,. is assumed to be 5 wuf, Cy in 
Pig. 336 is 11.4 wuf. Because the inductance must resonate with C; at 
30 Meps, 1 must be adjusted so that 1/+/ LC, equals 2 & 30 Meps; that 
is, L must equal 2.46 wh. 

The output voltage /. in Fig. 36B is the product of the current from the 
source gn; by the impedance of R:, Cz, and L in parallel, and the stage 
amplification is therefore g, times this impedance. The nature of the 
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Kia. 37. Response of one stage of amplifier of Fig. 35. 


impedance variation is shown by Fig. 7C, p. 352, and the frequency 
characteristic of the amplifier differs from the curve of this figure only 
by the scale factor g,, as indicated in Fig. 374. The mid-band amplifica- 
tion gnft,1s 4.8 XK 2.05, or 9.85, and occurs, of course, at 30 Meps. The 
bandwidth between half-power frequencies (see p. 355) is 


1 1 = 
I= ORC, ~ In X 3050 X 114 X 108 ~ &79 Meps — (40) 
The gain-bandwidth product g,,R:  1/2rR:C; is (1/27)gm/C; for the 
single-tuned i-f amplifier, this value being the same as for the R-C-coupled 
video amplifier. With respect to obtaining gain and bandwidth, there- 
fore, the same quantity serves as a figure of merit for either i-f or video 
amplifiers. 8 
‘The single-stage pulse response corresponding to the frequency charac- 
teristic of Fig. 37A may be determined from the principles explained in 
Art. 8 and has the form indicated in Fig. 37B. The video circuit used in 
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determining the envelope response of the 1-f amplifier comprises the 
parallel combination of Ry and 2C; connected to a current source equal to 
Jm times the grid-voltage envelope. Thus the exponential curves forming 
the edges of the output-pulse envelope in Fig. 376 have time constants 


2G. = 2 « 8.050 < JAA’ 40°° = 0.0483 us 


and the amplitude of the output pulse is g,; = 9.85 times that of the 
input, provided the pulse duration is at least several tenths of a 
microsecond. 

When several stages are cascaded, the over-all mid-band amplification 
is the product of the mid-band amplifications of the stages. ‘Thus, m 
Fig. 35, if the value 9.85 applies to each of the six stages, the over-all 
amplification 1 is 9.858 = 913,000. Cascading stages to secure high amph- 
feation has the undesirable effect of reducing bandwidth. This effect 
results from the gradual decrease of amplification for each stage as the 
frequency departs from the mid-band value. At. the half-power fre- 
quency of the over-all curve, each stage can be responsible for only ¢ 
small reduction of amplification, because the product of all the vetmiiein 
factors must be 1/./2. Each of six identical stages, for example, can 
reduce the amplification only by the sixth root of 1/4/2. This root is 
0.945, and this nearly unity value occurs close to the peak of the curve of 
Fig. 374. Thus the over-all bandwidth between half-power points for a 
circuit such as Fig. 35 is much less than the corresponding bandwidth of 
the individual stages. 

\ measure of the amount of bandwidth reduction caused by cascading 
that is accurate if the per-unit bandwidth of individual stages 1s reason- 
ably small may be had from Eq. 19, p, 356. The amplification of a 
single stage is gm times the resonant-circult impedance specified by liq. 
19, and thus |A,|?, the square of the magnitude of this amplification, 1s 


1 


ra 9 oe 
Aa = Onl TF Ble — 0) Bok 


where Aw, corresponds to 1/RC in Eq. 19 and is the angular-frequency 
bandwidth between half-power points for a single stage. If n identical 
stages are cascaded, the square of the magnitude of the over-all amph- 
fication |A,|? is 

(9m ite)?" 
[1 + [2(w@ — wo)/Awi]*}* 


Let Aw, be the angular-frequency bandwidth between half-power points 
of the over-all frequency characteristic. Then at these half-power 
points, w — wo is +Aw,/2 and 1A,,|2 has one-half of its mid-band value. 


a (41) 


+16 RECEIVERS [CHap. VI 


Ihe denominator in Eq. 41 therefore equals 2, or 


[1+ (fe) | = 2 


Aon  Afn _ gyn a 
co ae 4/2 1 (42) 





and 





where Af, is the over-all bandwidth and Af, the one-stage bandwidth. 
Values of the bandwidth-reduction factor are listed in Table 3. For the 
six-stage amplifier of Fig. 35, the reduction factor is 0.35, 1 the stages are 
identical, and the over-all bandwidth is 0.35 x 6.79; or 2.37 Meps. 


TABI. Oo. BANDWIDTH-REDUCTION FACTORS FOR SINGLE-TUNED AMPLIFIERS 











mo} Af /Ofi | on | Afn/dfi 
1 1.000 Oy | 0350 
2 | 0.644 i |. Orsee 
3 | 0.509 8 | 0.301 
4 | 0.435 9 | 0.283 
5 { 0.386 }| 10 | 0.268 








The reduction of bandwidth caused by cascading places an important 
limit upon the combinations of gain and bandwidth that can be attained 
with a single-tuned amplifier comprising identical stages. To increase 
the gain without loss of bandwidth, for example, stages must be added, 
and the bandwidth of each stage must therefore be increased. Conse- 
quently, the gain per stage decreases, and each additional stage provides 
a progressively smaller increment of gain. Eventually a limit is reached 
above which the gain is decreased by further addition of stages. The 
Same sort of limit is reached if bandwidth is to be increased at constant 
over-all gain, and consequently the single-tuned circuit is useful only if the 
gain and bandwidth requirements are moderate. For example, in the 
example of Fig. 35, an amplification of nearly a million and a bandwidth 
of 2.37 Mcps are provided by a practical amplifier comprising six stages. 
The same gain and greater bandwidth could be obtained by utilizing more 
stages of the same kind, but 4.6 Meps (corresponding to 10 stages) is 
about the practical limit, and 6.5 Meps (corresponding to 27 stages) is the 
maximum possible bandwidth under.the conditions specified. 

Because of the high gain, high signal brequencies, and large bandwidth 
of radar i-f circuits, unintentional feedback, even in minute amounts, can- 
not be tolerated. The return to the input of as little as one-millionth of 
the output voltage may cause the circuit to operate as an oscillator, thus 
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destroving its usefulness as an amplifier. Feedback too small to cause 
oscillations may change the gain and frequency characteristic markedly. 

To prevent unwanted feedback, extraordinary care in the design and 
construction of the amplifier is required. Decoupling elements, exempli- 
fied by resistors 2 and capacitors C in Fig. 35, are placed in plate and 
filament power-supply leads to prevent transmission of return. signals 
along these leads. The entire amplifier is mounted in a separate, fully 
enclosed metal shield to prevent coupling by stray capacitances, and 
tubes of successive stages are spaced along a straight line to provide 
maximum distanee between input and output circuits. The tuning 





Fic. 38. Typical i-f amplifier. (Courtesy of Bell Telephone Laboratorves.) 


inductances are located and oriented in such a way as to minimize mag- 
netic-field coupling. Output currents of each stage are returned directly 
to the cathode of that stage to prevent appreciable i-f currents in the 
metal chassis. Such currents can produce voltage drops between points 
of the chassis and thus provide unwanted components of grid voltage. 
Figure 38 illustrates these general features of construction. When all 
other causes of feedback are eliminated, there remains the possibility of 
the rectangular tube that encloses the circuit wiring operating as a wave- 
euide to return signals from the output to the input. Such a waveguide 
operates at a frequency far below cutoff and attenuates greatly any 
signals that traverse it (see Art. 12, Chap. VIII). By spacing adequately 
the successive stages of the amplifier, the waveguide attenuation 1s made 
sufficient to prevent appreciable feedback. 
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Intermediate-frequency amplifiers, as well as video amplifiers, are sub- 
ject to blocking because of the charges built up on coupling capacitors by 
large signals. To avoid such effects, the tuning inductances L in BIOS 
are placed on the grid rather than the plate side of the coupling capacitors. 
With this connection, a change of coupling capacitor voltage affects 
mainly the plate voltage preceding the capacitor. The use of a resistor 
instead of an inductor in the plate circuit has the additional effect in the 
circuit of Fig. 35 of providing a quiescent plate voltage lower than the 
screen-grid voltage. In this way a very high plate current may be 
obtained without exceeding the allowable plate dissipation. The trans- 
conductance gm (which depends chiefly on plate current) is thus increased, 
and a corresponding improvement in gain-bandwidth is obtained. 

Additional possibilities for blocking exist because of the screen-grid 
and cathode by-pass capacitors. During the application of large signal 
voltages, the screen-grid and cathode currents are increased, resulting in 
a decrease of screen-grid voltage and increase of control-grid-bias voltage. 
The gain is thereby reduced if the by-pass capacitors maintain the 
abnormal voltages after the signal is removed. To minimize the dura- 
tion of the reduced-gain interval, the by-pass capacitors are chosen as 
small as possible consistent with maintaining negligible i-f reactance. 

Because echo pulses from large, near-by objects and from small, distant 
objects differ tremendously in strength, a gain control in the i-f circuit is 
essential. In Fig. 35, the gain control adjusts the grid-bias voltage for 
tubes V2 and V3. Changing the grid-bias voltage in the negative direc- 
tion reduces the plate current and the transconductance at the operating 
point; in consequence, the small-signal gain is decreased. The gain con- 
trol is always applied to stages near the amplifier input in order to prevent 
saturation of stages ahead of the control point by the largest possible 
signals. If the i-f amplifier is part of a receiver employing a crystal 
mixer and no r-f amplifiers, gain control usually begins with the second 
stage. Signals in the first stage do not reach saturation amplitude, and 
the design of the first stage for minimum noise figure (see Arts. 17 and 
25) 1s simplified if provision for gain control is not required. For similar 
reasons, 1n receivers having an r-f amplifier, gain control usually begins 
with the second r-f stage. 

If the gain-control voltage were applied only to Vein Fig. 35, the range 
of gain control would be inadequate, because stray grid-plate coupling 
(for example, that caused by grid-plate capacitance) causes the stage 
to transmit a small part of the grid signal even when plate current. in 
tube V21s cutoff. By applying the gain-control voltage to two, or some- 
times three, consecutive stages, sufficient gain reduction may be obtained 
to provide normal-amplitude output with the largest possible input 
signals. Use of large bias voltages to control gain in the presence of large 
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put signals may result mea highly nonlinear amplification characteristic, 
the eontrolled tubes carrying current only on the peaks of the large 
signals and being entirely cutoff for small signals. Such an effeet would 
enuse tolerable distortion in an amphtude-modulation commuamnica- 
tions receiver, but it is not necessarily a disadvantage mi radar receivers. 
It can be avoided by applying the gam-eontrol voltage to more stages, so 
that. bias voltages of smaller amplitude can be employed in each stage. 

In some radar reeeivers the sereen-erid voltage rather than the erd-bias 
voltage is adjusted to achieve gai control. The erid-bias form of control 
is usually preferable because it protects the controlled stage from satura- 
tion by large signals. Sereen-grid voltage control ts worse than no pro- 
tection for the controlled stage —-reducing the sereen-erid voltage permits 
smaller amplitude signals to saturate the stage. 
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iG. 39. Double-tuned amplifier stages. 


23. Double-tuned Coupling Circuits. ‘To avoid the gain and band- 
width limitations of single-tuned i-f amplifiers, coupling circuits of other 
forms are sometimes emploved, especially where very wide-band amph- 
fication is required. One type of coupling network illustrated by Figs. 
394 and B utilizes two resonant circuits per stage and is thus double tuned. 
In each of the figures, 4; and Le together with tube and wiring capaci- 
tances form the two resonant circuits. In Fig. 39:1, the two circuits 
are coupled by a small capacitor C; in Fig. 393, a loosely coupled 
transformer provides not only inductances £, and Le but also mutual- 
inductance coupling. 

The double-tuned circuit, like the single-tuned one, provides response 
to a band of frequencies surrounding a carrier frequency. Parameters of 
the circuit control the mid-band frequency, the mid-band amplification, 
and the bandwidth; and in contrast to the single-tuned circuit, the basic 
shape of the response characteristic can be altered by circuit-parameter 
adjustments. To demonstrate the refations involved, the complex- 
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number amplification is determined from a linear equivalent circuit and 
placed in a form convenient for interpretation. 

Figure 40A is an equivalent of Fig. 39A. The parallel combination of 
Rz, with the plate resistance of V; and the loss resistance of L, is denoted 
by f,. Similarly, the parallel combination of grid-circuit resistances is 
fe, and the total plate-circuit and grid-circuit capacitances are C, and 
Cy. The admittances Y,, Ye, and Y are defined in the figure. The cur- 





(A) EQUIVALENT CIRCUIT (8) SHORT -CIRCUIT AOMITTANCES 
Fig. 40. Linear equivalent circuit for Fig. 39/4. 


rent —g»/, entering the coupling network at point 4 is the sum of cur- 
rents in Y; and Y, and the current in Y equals that in Y2; that 1s, 


Oe | = eae = YaGEs =. [he) 


Y(E, — Es) = YoE (43) 


Solving the second equation for E,, substituting the value obtained into 
the first equation, and solving the result for E/E, yields an expression 
for the amplification 


— by | 7 Ma 
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The assumption is now made that the per-unit bandwidth is small. 
Thus ¥ is approximately constant at the value jooC, wo being the mid- 
band angular frequency. Also, the short-circuit admittances Y,+ ¥Y and 
Y2 + Y, which pertain to parallel R-L-C circuits adjusted to resonate at 
wo, May be expressed in terms of the small-bandwidth approximation of 
Art. 6 (see p. 356) as 


Y,+ Y= 7 i 459% (w — os) | 
a W0 


| ()» 


(45) 
Y,+ Y x! 4G (o — en), 


G9) 


where Q is wo(C, + C)R, and*Q» is wo(Ce + C)Re These admittance 
values are substituted into Eq. 44, and the following new symbols are 
introduced: 
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6 
V(Ci + C)(Ce + C) ” 

l k 

Lo. = WO Je +- Oa (47) 
B= Aw V/(Ci + C)(C2 + OC) (48) 


Quantity £ 1s the coeflicrent of coupling for the capacitor network compris- 
ing Cy and C's jomed by C and ean range from zero to 1. Quantity Aw is a 
measure of bandwidth to be mterpreted shortly. Thus «/k? + 1/Q,Qe 
is per-unit bandwidth, and for small per-unit bandwidth 4 must not range 
far from zero. Quantity B is the susceptance of the geometric mean of 
the short-circuit capacitances at the angular frequency Aw. In terms of 
these symbols, Eq. 44 becomes, after some manipulation, 





— i 
JB Vk? + 1/QiQ2 
| 
x 7. he: inn. eo eo 7 Tee = ana pee ee a a 
1 — [2( — wo)/Aw]? + j[U1/Q1 + 1/Q2)/VK? + 1/Q1Q2][2(@ — wo) Ao] 


(49) 


The first two fractions in Eq. 49 are independent of frequency and 
represent mid-band amplification. The third fraction (which equals 
unity at mid band, w = wo) indicates the effect of frequency on amplifica- 
tion. Note that change of w from wo — Aw through wo to wo + ’%Aw 
changes the phase of the third fraction from +90 deg through zero to 
—90 deg. Thus Aw is the angular-frequency bandwidth between points 
of 90-deg phase shift. 

The first two fractions determine only the vertical scale of the response 
curve. The bandwidth Aw is a seale factor for the width of the response 
curve, corresponding to wo/2Q for the single-tuned resonance curve. ‘he 
quantity (1/Qi + 1/Q2)//k? + 1/Q1Q2, found in the third fraction, 
determines the shape of the response curve. ‘The effect of this quantity 
on the amplitude response |A| may be seen from a study of the denom- 
inator of the third fraction, which denominator is proportional to 1J/-1 


and 18 
Wer & “ : 1/Q, + 1/Q2 WwW —~ Wg 
nD re eo | Oe 
Cla) tiger yaa ) 
Dl = Ji ta(2 ae ; + (2° re ) (50) 


_ 1/Q2 + 1/Q.? — 2k? 
1 RB 1/Q1Q2 


and thus 








where 


(51) 
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1s the shape factor of the response. If 7 is positive, any value of w different 
from wo makes |D| greater than 1. If 7 = 0, the square term disappears 
from Eq. 50 and |D| is nearly unity for all values of w near wo but increases 
abruptly when w approaches wo + Aw/2. If 7 is negative, the square 
term becomes negative and |D] is less than 1 for small variations of w from 
wo but greater than | (because of the fourth-power term) for large varia- 
tions. ‘The effect of these variations of |D| on the amplitude-response 
curve 1s indicated by the curves of Fig. 41. (Scale relations among the 
curves for different values of 7 are as indicated only for the conditions 
specified in the legend of the figure. The curve shapes, however, depend 


only upon the value of 7.) 





Fig. 41. Amplitude-response curves for double-tuned coupling circuit. (Drawn for 
fixed k = Aw/wo and either 1/Q1 or 1/Q2 equal to zero.) 

The condition 7 = 0 is called transitional coupling, because it separates 
the condition of double-peaked response (overcoupling) and narrow 
single-peaked response (undercoupling). Equation 51 indicates the con- 
dition for transitional coupling to be 


ee ee 
aoa (os . a) 7 


From the curves of Fig. 41, it may be seen that Aw is the bandwidth 
between half-power points for fransitional coupling only. For constant 
Aw, the half-power bandwidth increases as the coupling is increased. 
Comparison of Fig. 344A, p. 411, with Fig. 41 suggests that the double- 
tuned 1-f amplifier is related to the compensated video amplifier in the 
same way that the single-tuned amplifier is related to the basic R-C- 
coupled circuit. According to the general principle of Art. 8, therefore, 
the effect of double-tuned circuits on pulse envelopes can be inferred from 
knowledge of the pulse respouse of compensated video amplifiers. 
Overcoupling corresponds to overcompensation and produces oscillations 
of the envelope curve in the vicinity of pulse edges. Thus, if all stages of 
an i-f amplifier are double tuned, coupling greater than transitional should 
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be avoided. An amplifier comprising only double-tuned stages is difficult 
to adjust, and therefore double-tuned stages are ordinarily employed in 
combination with a greater number of single-tuned stages. In such an 
amphfier, the double-tuned stages may be overeoupled; the combination 
of double-peaked and single-peaked response curves yiclds a flat over-all 
characteristic, and the high band-edge amplification of the double-tuned 
stages effects an increase of the gain-bandwidth product. 

To provide maximum amplification when the bandwidth and response- 
curve shape are prescribed for a double-tuned circuit, the first two frac- 
tions in Eq. 49 should be maximized. The first fraction is essentially 
fixed by the possible values of gn, C1, and Cs, and the denominator of the 
second fraction is determined by the required per-unit. bandwidth. The 
factor /# remains to be maximized. Beeause k? + 1/QiQe is fixed, either 
1/Q, or 1/Q2 should be made zero and the other Q quantity adjusted to 
provide the required value of 7. This adjustment, assumed in the plots 
of Fig. 41, causes h/v/k? + 1/Q1Q. to be unity. For the maximum-gain 
adjustment and transitional coupling (where Aw is the half-power band- 
width), therefore, 


° ° 771 A ] 770 
Gain-bandwidth product = Ll a pul (53) 


B 2x 2 By CO 

capacitor C’ being ignored relative to Cy and C, because k is small. For 
the single-tuned amplifier. Ce = Cy + C2 or, if C; and Ce are nearly equal, 
C, = 24/C,C». Thus the gain-bandwidth product of a single stage can 
be approximately doubled by the use of double tuning with transitional 
couphng and maximum gain. 

A double-tuned coupling network with appreciable damping in one cir- 
cult only, as required for maximum gain, is difficult to realize, because 
power loss in both plate and grid circuits is unavoidable. Furthermore, 
with very shght damping of one circuit, the network becomes unduly 
sensitive to small changes of tube capacitance. As an indication of the 
loss of gain caused by practical operating conditions, consider transitional 
couphng with Qi = Q. = Q. Equation 52 becomes hk = 1/Q, and the 
second fraction of Eq. 49 becomes 1/+/2, so that the amplification is 
about 0.7 of the maximum and the gain-bandwidth product is 1/2 times 
that obtainable with single-tuned coupling. 

A greater increase of gain-bandwidth product is obtained if double- 
tuned couphng is used in an amphificr comprising several stages because 
the amplification within the response band is more nearly constant, so 
that the bandwidth reduction caused by cascading is less. For example, 
if six transitionally coupled double-tuned stages each have the same 
bandwidth as six single-tuned stages, the over-all amplification of the 
double-tuned stages is greater than that of the single-tuned stages by a 
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factor of 2% to 26 (dependent upon the ratio of Q values for the double- 
tuned circuits). The bandwidth reduction factor for the six double 
stages 1s 0.593 instead of 0.350 (Table 2, p. 416), so that an additional 
bandwidth-improvement factor of 1.7 is obtained with double tuning. 
For overcoupled double-tuned stages used in conjunction with single- 
tuned stages, the gain-bandwidth product is appreciably greater than 
for transitional coupling. Moreover, narrow-band single-tuned stages 
providing high gain may be employed, the over-all characteristic being 
widened by the effect of the double-peaked response of the double-tuned 
Stages. 

The above analysis, made for the capacitively coupled double-tuned 
circuit of Fig. 839A, applies also to the inductively coupled circuit of Fig. 
39B. When the coupling is inductive, k in Eq. 49 is the usual coupling 
coefficient of a transformer, Mf/+/L,L2 (see Eq. 32, p. 129, in Chap. II), 
and capacitor C' is, of course, omitted from the expressions defining Aw 
and B. Quantities Q1, Qe, and wo pertain to the short-circuit admittances 
in which the inductances are L,(1 — k?) and Le(1 — k*) (see p. 129, in 
Chap. II). It is customary, nevertheless, to compute wy and the Q 
values from Ly; and Le, the results being negligibly changed because 
small per-umit bandwidth requires that & be much less than unity. 

24. Stagger-tuned Amplifier. A second method of increasing the gain 
and bandwidth capabilities of i-f amplifiers does not require a change 
from the circuit configuration of Fig. 35. Instead, the improved per- 
formance is obtained by a change in tuning adjustments—the resonant 
frequencies for the various stages are distributed through the frequency 
band to be amplified. The product of the amplitude-response curves of 
all the stages is the over-all response curve; for this over-all curve to 
possess reasonably uniform and very high gain in a specified response 
band, the resonant frequencies and bandwidths of the individual stages 
must be selected in a special manner. 

The reason that stagger tuning can improve gain-bandwidth perform- 
ance may be seen in terms of Fig. 42. In this figure voltage gain is 
plotted in decibels (20 log |A|) in order that over-all gain may be obtained 
by adding stage gains. Assume that an amplifier is required to have 
nearly uniform gain over a prescribed bandwidth and that the required 
values of gain and bandwidth are as indicated by the dashed lines. The 
area within the dashed-line rectangle may be considered a measure of 
the desired amplifier performance. <A single stage employing a load 
resistor of the order of 10 KX in shunt with the tuned circuit has the 
response characteristic indicated by the medium-Q curve in Fig. 424. 
The area under this curve and within the required band is more than half 
the required area. ‘Two such stages in cascade are therefore more than 
adequate to provide the required gain-bandwidth area, but the amplifica- 
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tion thus obtamed would vary 20 db (a voltage ratio of 10:1) between 
the band center and the band edges. 

‘Lo secure more nearly umform response with aligned stages, the load 
resistors must be reduced to provide response curves such as the low-Q 
curve of lig. 42.4. Three such stages in cascade mect the requirements, 
as indicated in Fig. 426. Such a three-stage amplifier ts wasteful of 
watn-bandwidth area: im each stage the area between the two curves of 
Ine. 42.4 1s discarded beeause of the small value of load resistance used. 
More effective use of the tube capabilities is secured uf the higher value 
load resistance ts emploved and two stages of different resonant fre- 
quencies are cascaded. Figure 42C indicates the way m which fwo 
20 LOG [A] 20 LOG [A] 20 LOG JA] 
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Fic. 42. Response curves for cascaded single-tuned amplifiers. 


stagger-tuned stages can be employed to meet the same overall response 
requirements as three low-Q aligned stages. 

The general principle pertinent to this example is that optimum gain- 
bandwidth performance is obtained if all load resistors are chosen as 
large as operating conditions permit—practical limitations may be grid 
loading in the subsequent stage or the onset of feedback oscillations. 
Stagger-tuned groups comprising a sufficient number of stages to meet 
the bandwidth requirement are then formed, and enough of these groups 
are cascaded to fulfill the gain requirement. Tor narrow-band amplifica- 
tion, a single stage provides adequate bandwidth and completely aligned 
amplifiers are appropriate. For the widest bands employed in radar, 
however, stagger-tuned pairs or aon? are required for best utihzation 
of tubes. 


426 RECEIVERS [Cuap. VI 


The possible shapes of the response curves for stagger-tuned pairs of 
small per-unit bandwidth are identical with those of double-tuned cir- 
cuits. ‘This fact may be demonstrated if the small-bandwidth approxima- 
tion is employed in writing the amplifications of stages A and B in a 
stagger-tuned pair (as explained in Art. 22, the amplification is a scale 
factor times the impedance of a parallel ?-L-C circuit): 


A, = tao 
: a ea Aan (54) 
ee 

Il + 92(w — wp)/Aw 


Where Aap and Ago are the mid-band amplifications, w4 and ws are the 
staggered angular resonant frequencies, and Aw, is the half-power angular 
frequency bandwidth for each of the stages. The over-all amplification 
of the pair is A = AgAz. After this multiplication is performed, the 
following new symbols are introduced into the product expression: 





Oj = = + ee (55) 
Z 
Wd = Wa — We (56) 
and 
Ne v/ (Aw)? + wa" (57) 


Combination of Eqs. 55 and 56 vields 


y 
WA s & 
AWB = WO” 9 


and the final form obtained for the over-all amplification is 


A — Aaodno nti. t ee a 
; 1 + (we/Awi)? 1 — [2(w — wo)/Aw)? + g|2Aw1/Aw][2(w — wo) /Aw] 


(58) 


The first fraction in Eq. 58 is the mid-band amplification, and the 
second fraction expresses the variation of A with frequency. A com- 
parison of Iq. 58 with Eq. 49 (p. 421) shows the response-curve shapes 
for stagger-tuned pairs and double-tuned circuits to be the same. The 
quantity wo in Kq. 58, as in Eq. 49, indicates the mid-band angular-fre- 
quency of the over-all curve, and Aw indicates the angular-frequency 
bandwidth between points of 90-deg@ phase shift. The factor 2Aw,/Aw in 
Eq. 58 determines the shape of the response curves. By computing the 
magnitude of the second-fraction défaminator, as was done in obtaiming 
Iiq. 51, p. 421, the shape factor for stageer-tuned pais can be found to be 


y= ge ey 
eS con arena 





(59) 
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Thus transitional response is obtained for w:/Aw,; = 1, or for a resonant- 
frequency spacing equal to the bandwidth. Wider spacing yields double- 
peaked response curves ; closer spacing vields sharply peaked curves. 

Somewhat lengthy caleulations are required to determine the response 
of a group of three or more stages all tuned to different frequencies.' “Phe 
features of the response characteristics are not altered. For wide spacing 
of resonant frequencies, the over-all curve contains as many peaks as 
there are stages in the group. Decreasing the spacing smooths the 
response curve until the nearly flat-topped transitional characteristic 1s 
obtained. With still closer spacing, the response curve tends toward 
that of aligned stages. When more than two stages are grouped, a 
critical choice of bandwidths and resonant-frequency intervals is required 
if the amplification within the response band is to be approxmnately 
uniform. 

25. Intermediate-frequency Input Stages. ‘The most critical stage 
of an i-f amplifier is the input stage. Upon the excellence of the design of 
this stage depends the noise figure of the receiver and the performance of 
the entire radar system with respect to detection of small objects at great 
range. Particularly are these statements true for receivers employing 
no r-f amplifiers because of the very low signal level at the input of the i-f 
amplifier. Not only must gain and bandwidth be considered in the 
design of the first i-f stage, but also, and most important, noise generation 
in this stage must be reduced as far as possible. 

In the typical i-f amplifier of Fig. 35, p. 418, an input circuit of simple 
form is indicated. The mixer may be considered (see Art. 28) equivalent 
to a current source, a resistor, and a capacitor connected in parallel 
between ground and the tap on the inductance in Fig. 35. Noise and 
signal voltages are delivered to the i-f-amplifier terminals by the mixer, 
and additional noise is generated in the ampliher components, particu- 
larly tube V;. As explained in Art. 17, the position of the tap on the 
input inductance controls the step-up ratio a between the mixer output 
circuit and the grid circuit of tube Vy. A particular adjustment of a 
yields at mid-band frequency a match between mixer resistance and grid- 
circuit resistance and supplies maximum signal voltage to the tube. 
Because of the noise generated in the grid circuit, a somewhat smaller 
value of a provides a minimum noise figure, and this smaller value is used. 

If the bandwidth of the input circuit is much greater than the over-all 
bandwidth of the i-f amplifier, the input circuit operates under essentially 
mid-band conditions for all frequencies that can produce appreciable out- 
put, and the noise figure 1s constant at the mid-band value. If, on the 
other hand, the input bandwidth is restricted, signal components at fre- 


1G. E. Vanier, Jr., and H. Wauuman, Vacuum Tube Amplifiers, 166-200, 278-287 
(McGraw-Hill Book Company, Inc., New York, 19-48). 
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quencies near the band edge reach the input tube in reduced magnitude. 
Thus the importance of the plate-circuit noise is increased, and the noise 
figure is increased at the band edges. The integrated noise figure over 
the response band, which is the quantity of greatest interest, is in conse- 
quence somewhat increased by restriction of the input bandwidth. 

In the circuit of Fig. 35, the input-circuit bandwidth depends upon the 
resistance obtained by combining the input resistance of tube V, in 
parallel with a’ times the mixer resistance and upon the capacitance that 
1s the parallel combination of the tube input capacitance and 1/a? times 
the mixer output capacitance. If a reasonable attempt is made to 
minimize the capacitances, the tube and mixer resistances are ordinarily 
low enough to provide input-circuit bandwidths much ereater than the 
over-all bandwidth of the i-f amplifier. If the shunt capacitances are 
very large, or 1f extremely wide response bands are required, the input- 
circuit bandwidth in Fig. 35 may be inadequate. A double-tuned input 
circuit can then be used to advantage because of its greater bandwidth. 
The coefficient of coupling is adjusted to provide the desired relation 
between the tube input resistance and the resistance it faces at the mid- 
band frequency. Note that a shunt resistor must not be added to the 
single-tuned circuit to increase the bandwidth in an effort to reduce the 
integrated noise figure. The resistor would increase the noise hgure at all 
frequencies, both because it is a source of additional noise and because it 
reduces the signal voltage at the tube. 

In Art. 16 it is pointed out that the equivalent noise resistance of a 
triode is much less than that of a pentode. It would seem, therefore, 
that an appreciable reduction of the noise figure might be had by the use 
of a triode rather than a pentode as the first stage in the amplifier of Fig. 
30. The difficulty with using a triode is that at radar intermediate fre- 
quencies the feedback through the grid-plate capacitance is so ereat that 
oscillations occur whenever the load resistance is made large enough to 
provide useful voltage amplification. 

This difficulty may be stated in a manner appropriate to noise-figure 
analysis: The noise figure of the first two stages is FP, + (FP. — 1)/G; (see 
Eq. 35, p. 39+), where F, is the noise figure and G, the available-power 
gain of the first stage and /, is the noise figure of the second stage. For 
a triode i-f amplifier, G; may have a value of several hundred. Therefore 
if 2 can be given a reasonably low value, (FPF, — 1)/G, can be made 
negligible and the over-all noise figure reduced essentially to F,, the low 
noise figure of the input triode. Uwfortunately, with the usual cathode- 
return form of amplifier as the second’ stage, reasonably low values of F» 
can be had only if the signal source for the second stage has an impedance 
somewhat lower than the input impedance of the second stage. In order 
to prevent oscillation of the triode first stage, the coupling network 
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between first and second stages must be adjusted so that, the first stage is 
effectively a Ingh-impedance source connected to a low impedance 
load. With this adjustment, high values result for 2, and the quantity 
(Fy — 1)/G, constitutes an appreciable and very undesirable increase of 
the notse figure. 

This diffieulty can be avoided if a second-stage amplifier can be pro- 
vided for which a low value of /.: 1s obtained when mmpedances are 
adjusted in the manner required to avoid oscillations. Such an amplifier 
is the grid-return or grounded-grid circuit employed in the second stage of 
Wig. 434. (The significance of the designations cathode return, grid 
return, and plate return are discussed in Art. 6, Chap. X.) This crreurt! is 
a particularly advantageous combination of two triodes that provides the 
gain and bandwidth of a single pentode, excellent stability, and a low 





(A) CIRCUIT DIAGRAM (B) EQUIVALENT CIRCUIT AT 
MIO-BAND FREQUENCY 


Fic. 43. Low-noise input stages for 1-f amplifier. 


noise figure essentially equal to that of the first triode. Wuth a triode- 
connected 6AN\5 as V; and a 6J4+ as V2 mn a 380-Meps 1-f amplifier having 
a bandwidth of 6 Meps, a noise figure of 1.35 may be attained. For a 
pentode 6AI\5 employed as the first stage of a similar amplifier, the noise 
figure 1s about 2.1. 

In Fig. 484 the input circuit and the coupling circuits are tuned to 
resonance at mid-band frequency by the inductors L,, Le, and £3. Also 
inductor Ly,. is adjusted to resonance with the grid-plate capacitance of 
V, at the same frequency. Thus, at the mid-band frequency, the equiv- 
alent circuit for Fig. 483A has the form indicated in Fig. 488. Voltage E; 
represents the voltage applied by the input circuit to the grid of Vi, E; is 
the voltage applied by V; to the cathode of Vo, and £, is the voltage 
delivered to the pentode stage that follows Vo. Resistor /?; 1s the parallel 
combination of the plate resistance of V,, the loss resistance of Le, and 
the grid-cathode resistance of tube V. that represents grid-loading effects. 


1H. Wauiman, A. B. MacNes, and C. P. Gapspen, ‘A Low-noise Amplifier,” 
Proc. I.R.E., 6 (June, 1948), 700-708. “ 
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Similarly, #2 represents the parallel combination of R;2, the loss resist- 
ance of £3, and the input resistance of the next stage. The plate load 
resistance for V; is the parallel combination of R, with the input resistance 
of the grounded-grid stage in Fig. 43B, and this input resistance is very 
low, of the order of a few hundred ohms. As a result, the voltage ampli- 
fication of V; is approximately unity, and there is no tendency for V; to 
oscillate. Inductance L;,2 is not needed to prevent oscillations, but it 
does provide some improvement of the noise figure. 

Amplification and impedance values may: be determined from the 
equivalent circuit of Fig. 43B. The voltage applied to r,2 and R» in 
series 18 (#2 + 1)#,. Therefore, the current drawn by these resistors is 
the same as would be drawn by a resistance (7,2 + R2z)/(u2 + 1) to which 
the voltage £;, is applied. Thus (r,2 + Re)/(u2 + 1) is the low resistance 
faced by Ri. In wide-band amplifiers Rs is much less than r,». The 
resistance faced by /; is therefore approximately r,2/u2 = 1/qm2. Resist- 
ance ft; 1s large and may be ignored in parallel with 1/g,,.. Thus the 
voltage amplification of V; is very nearly gmi/gm2, a value that approxi- 
mates unity if the two tubes are similar. Because R; is large compared 
with the resistance it faces, nearly the entire current g,,:Z; is forced to 
flow through the R, branch of the circuit. That is, the erounded-grid 
Stage acts to pass on to the load the current supplied to its cathode and 
supplies amplification in that the load voltage is greater than the cathode 
voltage. ‘The over-all voltage amplification resulting from the current 
Gnif, n resistor eis —gnifte. Thus the two triodes in Fig. 43 provide 
slightly more amplification in a given bandwidth than would a single 
pentode, the transconductance available in triodes being somewhat 
greater than that of pentodes. 

The low noise figure of the grid-return amplifier in F ig. 43.4 may also 
be explamed in terms of the equivalent circuit of Fig. 43B. The first 
step in this explanation is the proof of the following statement: If us in 
Vig. 43B is large relative to unity, the noise figure Fs of the erid-return 
stage 1s negligibly different from that of a cathode-return amplifier 
employing the same circuit elements. 

The voltage across the equivalent noise resistance of V2 may be repre- 
sented by a voltage source /,, in series with the connection AB in ie. 
435. If the circuit is changed to cathode-return form (by connecting 
point C to point D instead of to point B), the output voltage produced by 
fy, 18 

E: Sek Re 

SO Re Fron — 

If the grid-return connection is employed, the erid-cathode voltage is 
different from /,, because of the voltage drop caused by plate current in 
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Re. Thus 
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and the output voltage is 
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Comparison of Eqs. 60 and Gl indicates that use of the g@rid-return con- 
nection multiplies the output voltage produced by /V,, by the factor 


I» ia Py 
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A similar calculation made for a current source 7, connected between 
point D and ground shows that use of the grid-return circuit multiplies 
the output voltage produced by 7, by the factor 


Le RiC iz po) ap ihe Se Pp2 


Ao cama 


If po > 1, the factors a; and a» are very nearly equal. Factor a2 specifies 
the effect of the grid-return connection upon noise arising from the 
standard source in the noise-figure definition and upon noise arising in the 
erid circuit of tube V,. Factor a; specifies the effect of the grid-return 
connection upon noise arising in the plate circuit of Vi (represented by 
the equivalent noise resistance). To the extent that a: and a, are equal, 
the change to the grid-return connection modifies each component of 
noise to the same extent and does not change the noise figure. 

Because the noise figure of Vs is essentially the same as that of a 
cathode-return triode, it has its minimum value when the resistance of 
the source is somewhat less than the grid-loading resistance between grid 
and cathode of Vi (see Art. 16). This resistance relation is provided 
by the circuit of Fig. 43A, the plate resistance of VY. being somewhat 
less than the grid-loading resistance of V2 Thus /*, in the expression 
F, + (F2 — 1)/G, for over-all noise figure is of the same order of mag- 
nitude as 71, and the over-all noise figure is therefore very nearly equal 
to F,. 

The importance of noise considerations requires that, 1f a receiver con- 
tains no r-f amplifiers, the mixer and first i-f stages be located as close as 
possible to the antenna. Connecting lines and cables must not be 
allowed to attenuate the signal before it is amplified above the noise level. 
One procedure is to mount the entire i-f amphfier in a unit with the r-f 
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components. An alternate procedure is to mount the first two on three 
stages as an i-f preamplifier in the r-f unit and to connect these stages to 
the remainder of the i-f amplifier by means of an interunit cable. 

Use of the preamplifier and connecting cable introduces the problem 
of matching the cable to the amplifier impedances. The cable would be 
equivalent to a large shunt capacitance and would decrease the band- 
width if it were terminated in the input impedance of a cathode-return 
amphfier stage, the input impedance being much greater than the charac- 
teristic resistance (about 50 ohms) of usual cables. Figure 444 shows the 
use of a tapped inductance at the output of a connecting cable. The 
inductance operates as a resonant transformer to change the high input 


Es 








(A) CIRCUIT DIAGRAM (8B) EQUIVALENT PLATE CIRCUIT 
FOR V, 


Ita. 44. Use of cable to connect stages of an i-f amplifier. 


» at mid-band frequency to the characteristic resist- 
ance of the cable. A similar tapped inductance could be employed at the 
input of the cable to provide V, with a sufficiently large load resistance. 

An alternate impedance-adjusting scheme that is sometimes employed 
is indicated at the cable input in Fig. 444. As shown by the equivalent 
circuit of Fig. 44B, the input resistance R, of the matched cable appears 1n 
series with the tuning inductor L;. (Resistor PR, is of the order of 1,000 
ohms and may be ignored in parallel with F,.) Capacitor C; represents 
tube and wiring capacitance and resonates with L, in series with iia 
X, is the reactance of L, at resonance, the series combination of io alia 
may be represented at the mid-band frequency as the parallel combina- 
tion of an inductance with a resistance of value Rh, + X,?/R,.. This 
resistance is the mid-band load resistance for V,; and is much greater than 
fe, if X71 is large. as 

26. Diode Detectors. The‘detector of a radar recciver serves, as its 
position in the block diagrams of Fig. 1 (p. 339) indicates, to convert 
carrier-frequency pulses from the i-f amplifier into video pulses suitable, 


resistance of tube V> 
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alter amplification, for appheation to the indieator tube. The simplest 
form of detector, and the form most) commonly employed in radar 
receivers, uses a d7ode as 2 Means of rectifying the intermediate-frequency 
pulses. 

A typieal cireurt for a radar diode detector is indicated in Fig. 45/4. 
Inductance L; 1s the tuning inductance for the plate circuit of the final 
i-f-amplifier stage and is adjusted to resonate with tube and wiring 
capacitances. If an echo pulse of sufficient amplitude to make noise 
neghgible is received by the radar system, the voltage e; across L; 1s an 
i-f pulse having an amphitude of the order of several volts and the form 
indicated by the dashed line in Fig. 45/5. Positive excursions of e; cause 
no current in the diode, but negative excursions result in a flow of current 
and a negative voltage e across R and C. Between the times of peak 
negative voltage of the ce; wave, capacitor C discharges through /?. Thus 
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(A) CIRCUIT DIAGRAM (8) WAVEFORMS 
ig. 45. Trpical diode detector. 


the waveform of eis a negative video pulse with sloping edges and super- 
posed i-f ripple, as indicated in Fig. 458. ‘The negative polarity for the 
output pulse is ordinarily preferred, as explained in the discussion of 
video-amplifier blocking in Art. 19. If desired, however, positive pulses 
can be obtained by reversing the connections to the diode. 

Inductance L in Fig. 454 in combination with wiring capacitance and 
the video-amplifier input capacitance (not shown in the figure) forms a 
low-pass filter designed to attenuate the 1-f components in the waveform 
of ec. The detector is ordinarily mounted on the 1-f amplifier chassis, 
and the low-pass filter prevents appreciable i1-f current from leaving this 
unit. In this way difficulties caused by feedback around the high-gain 
i-f amplifier are minimized. Attenuation of i1-f components must be 
accomplished with the least possible loss of high-frequency components 
from the video signals at the detector output. Use of inductance L with 
small shunt capacitances provides much greater video bandwidth than 
would a single capacitor large enough to produce the same 1-f attenuation. 
The filter employing L is comparable to a series-compensated video 
amplifier (Art. 21) in its effect upon the video-circuit frequency charac- 
teristic. The need for separating i1-f and video-frequency components at 
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the detector output is one reason for employing relatively high inter- 
mediate frequencies in radar receivers (see Art. 18). 

The input rmpedance of the diode detector has an important effect upon 
the output voltage developed by the final stage of the i-f amplifier. An 
equivalent circuit that indicates the general nature of this effect can be 
obtained if the following approximations are made: (1) The resistance 
(for positive plate voltage) and the interelectrode capacitance of the 
diode are assumed negligible. (2) Thei-f voltage applied to the detector 
is assumed to be a perfect sine wave. (3) The ripple component tn the 
detector output voltage is assumed negligible. 

In accordance with the first assumption, the diode is represented in 
ig. 46A as a switch that is operated so as to allow current to flow from 
the plate P to the cathode A, but not in the reverse direction. Current 
source gp, nn Fig. 464 represents the current generator in the equivalent 
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Fic. 46. Idealized equivalent circuits for diode detector. 


circult of the final 1-f stage, and A; and C; represent the total shunt resist- 
ance and capacitance of the amplifier plate circuit and detector input 
circuit. Because the diode current 7 is a succession of very brief pulses, 
clipping of the peaks of the input-voltage wave EH; at the times of current 
flow occurs, and a ripple component appears in the output voltage Z£. 
Nevertheless, in accordance with the second and third assumptions, the 
input voltage is considered sinusoidal and the output voltage steady. 
Lhe complex numbers #, and E;, representing sinusoidal voltages, and 
the real number /, representing a direct voltage, are considered to vary 
with time, but at rates so slow that the change during one i-f cycle is 
negligible. 

In Fig. 464, the magnitude of the steady voltage HZ must be equal to 
the peak value of the voltage #—closing of the switch prevents the peak 
value of L; from exceeding #, and opening of the switch prevents the 
detector from maintaining a value of # greater than the peak input volt- 
age. Thus a 

0 Ve E; (62) 


(The reference direction for # in Fig. 464 is chosen so that F is positive 
for the diode «onnections indicated.) If / and |J;| indicate, respectively, 
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the average value of the diode current 7 and the rms value of the funda- 
mental component of 7, the power output of the rectifier is 4/7 and the 


7 


power mpwth ww js, 





[;. Beeause the diode is assumed at all times to 
be either a short cireuit or an open circuit, it is a lossless device, and 
EI = \E;\ \J,;|.. Combining this relation with Eq. 62 yields 


p= ei (63) 


\/2 


Equations 62 and 63 indicate that the detector behaves as an ideal 
transformer of step-up voltage ratio 1: y/ 2, except that it provides the 
additional feature of changing a-c rms values to d-c quantities. or 
example, if |/,| is the rms voltage applied to the detector, the output 
voltage is y 2 |/,| and the current delivered to a load resistance /¢t; 1m the 
d-e circuit is \/2 |B; /i.. Under steady-state conditions the rms value 
of the fundamental component of the detector mput current 1s then 
/2 (V2 |B) R1), and the mput resistance of the detector ts 
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The ideal-transformer concept is made use of in the circuit of Fig. 468, 
and this equivalent circuit is useful where an input wave of varying rms 
ralue is considered. The portion of the circuit to the left of the ideal 
transformer acts upon video signals equal at each instant to the rms value 
of the i-f waves in Fig. 464. As explained in Art. 8, this circuit has the 
same effect upon the video signals as the actual circuit has upon the 
modulation envelope of the i-f signals, the capacitance 2C; being sub- 
stituted for the resonant circuit comprising L; and C;. The remainder of 
Fig. 46B represents the actual video circuit of the detector and its effect 
upon the video equivalent of the i-f circuit. The ideal diode is included 
to account for the effect observed at the trailing edge of the pulse in Fig. 
45B. If the input voltage decreases more rapidly than video-circuit cur- 
rents can discharge C, the diode becomes an open circuit, and 1-f and 
video portions of the detector are disconnected. 

The circuit of Fig. 46B shows that under conditions for which the 
diode does not become an open circuit the entire detector circuit may be 
considered a single interstage network. The rate of change of the rms 
value of the i-f voltage at the detector input is limited by the rate at 
which the video output voltage can be made to change. Calculations of 
response characteristics may be made if all elements of Mig. 465 are 
referred to the same winding of the transformer. For example, if L were 
open-circuited, the entire circuit would be analogous to a single-tuned i-f 
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stage or an uncompensated video amplifier, the bandwidth being deter- 
mined by the time constant 


2RR 


Because of the idealizations upon which Fig. 46 is based, the equivalent 
circuit of Fig. 466 represents only approximately the performance of an 
actual detector. In particular, the amplitude of the output pulses is 
materially less than that predicted by the equivalent circuit. In typical 
radar circuits, the output amplitude may be of the order of half the value 
calculated from Fig. 468. One reason for this loss is that to permit rapid 
response to pulse edges capacitor C must be made relatively small. Thus 
this capacitor discharges appreciably between successive peaks of the i-f 
wave, and the average value of the rectified voltage is reduced. A 
second reason is that the conducting resistance of the diode is not negli- 
gible but has a value of several hundred ohms. Because the diode current 
flows in brief pulses of large amplitude, diode resistance causes as large a 
voltage drop as a much larger series resistance in the output circuit. The 
d-c load resistance is ordinarily only a few thousand ohms, and therefore 
an important loss of voltage is caused by diode resistance. <A third 
reason is that the interelectrode capacitance of the diode is not negligible 
relative to capacitor C. The diode capacitance and C form a voltage 
divider that applies to the diode only that fraction of the total i-f voltage 
that appears across the diode capacitance. A fourth effect appreciable 
in wide-band circuits is the loss of voltage occasioned by the peak-clip- 
ping effect of the diode current upon the resonant-circuit voltage. 

In order to minimize the loss of voltage in a diode detector, the diode 
employed should be one having minimum resistance to current flow 
in the forward direction and minimum 
plate-to-cathode capacitance. Some- 
times, in an effort to obtain desired 
resistance and capacitance values or as 
« means of reducing the number of 
tube types in a radar set, a triode or 
pentode tube is used as the detector, 

wren o-eoRESierawee le gids beime connecaed to the plate 

EON TC WRePANeE’ = to form a diode. ~ Ii iapentvodedineean 
Vic. 47. Diode-detector connections — . | . 
for a pentode having internal connec- M0ternal connection between cathode 
tion between cathode and suppressor an, suppressor grid, the connections of 
eS Fig. 47 can be used to produce a low- 
capacitance diode. The control grid becomes the anode of the diode, 
and to remove the suppressor-grid-to-plate capacitance from the cireuit, 
the plate is joined to the cathode. The screen grid shields the control 
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erid from the suppressor grid because it is at eround potential for j-f 
stenals. The d-e resistance in the screen-erid circuit prevents the diode 
formed by cathode and sereen grid from short-circulting the detector 
Input voltage. 

The equivalent circuit of Fig. 468 emphasizes the respects in which 
the performance of a diode detector resembles that of a near circuit. Tf 
the modulation envelope of the i-f wave is considered the Input signal for 
the detector and the actual value of the output voltage is taken as the 
output signal, then under many conditions of operation the detector is 
representable by a linear cireuit, and the principles of linear-cireuit 
analysis may be applied to the entire i-f-amplifier, detector, and video- 
amplifier svstem. Because of the linear relation of output voltage to rms 
input voltage, the cireuit is often called a Unear detector. 

A nonlinear clement is required for rectification, nevertheless, and non- 
hnear effects appear in the performance of linear detectors under certain 
conditions. l*or example, the effeet provided for by the diode in Hig. 
465, whereby the detector operates differently upon the leading and trail- 
ing edges of pulses, could not. oceur in a linear device. In addition, the 
relation of output voltage to rms input. voltage is not linear in the region 
of very low-amplitude signals. 

A nonhnear effect of great importance in radar receivers appears if two 
or more signals are applied to the detector simultaneously. Unless the 
carrier waves of the signals have exactly equal frequencies and phase 
differences of 0 or 180 deg, the superposition principle cannot be applied to 
the detector. The output obtained when two signals are applied simul- 
taneously is not always the sum of the outputs obtained when the same 
signals are applied separately. If two sine waves of slightly different 
frequencies appear in combination at the detector input, the envelope of 
the total input wave is not the sum of the envelopes of the individual 
waves. Rather, the carrier waves swing into phase and out of phase 
because of the frequency difference, and a heterodyning or beating effect is 
produced. The total envelope is the sum of the individual envelopes 
When the waves are in phase and is the difference of the individual 
envelopes when a 180-deg phase displacement occurs. The total envelope 
varies between these limits at the beat frequency, which is the difference 
between the two carrier frequencies. The video output of the detector 
approximates the envelope of the total input wave and therefore contains 
the beat frequency. 

Of particular interest in radar is the simultaneous application to the 
detector of weak echo-pulse signals and the noise that necessarily accom- 
panies the signals. Because of the great amplification and limited band- 
width of the i-f stages, the noise voltages applied to the detector have 
tremendously greater amplitude than the noise voltages in the input cir- 
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cuits and are somewhat different in waveform. The detector-input noise 
has an amplitude of the order of several volts and may be thought of as an 
intermediate-frequency carrier wave that is subject to erratic variations 
of both amplitude and phase. This waveform, when applied to the 
detector in the absence of echo signals, produces a video waveform com- 
prising erratic fluctuations in one direction from the zero axis. The d-c 
component of this waveform is, of course, blocked by the coupling 
capacitors in the video amplifier. 

If an echo-pulse signal is added to the fluctuating noise voltage at the 
input terminals of the detector, the average output voltage of the detector 
is increased during the time of the pulse. The amount of the increase 
depends upon the amplitude of the signal in the manner indicated by the 
solid-line curve! of Fig. 48. Note that the output is less than that 
specified by the dot-dash line representing the superposition of signal 
and noise; the dot-dash line would 
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ence of the noise and signal voltages. 
A small signal subtracts nearly as much 
from the output caused by noise aione 
as it adds to it; therefore, the effect at 
Tic. 48. Response of ideal linear de- = the output caused by the signal is very 
tector to signal and noise. , : 

small, and the signal is said to be swp- 
pressed by the noise. Increasing the signal amplitude at first causes the 
increment in the output voltage to grow in proportion to the square of 
the signal amplitude. Yor signal amplitudes greater than the rms noise 
level, the square law no longer applies, and for large signals, the noise has 
little effect upon the average value of the output voltage. 

The suppression of the signal by the noise at the detector is the reason 
that, as mentioned in Art. 18, the over-all receiver bandwidth should be 
controlled by the i-f amplifier rather than the video amplifier. A very 
wide video response band increases the noise amplitude somewhat but at 
the same time makes the signal pulses more noticeably different in shape 
from the noise peaks. Excess i-f bandwidth, on the other hand, increases 
the noise level at the detector and. thts causes the suppression effect of 
the noise to extend to sionals of larger amplitude. 


NR ESPONGE TO 
NOISE ALONE 


SIGNAL AMPLITUDE 


1 The mathematical form of this curve is derived in W. R. Bennett, ‘Response of 
Linear Rectifier to Signal and Noise,” B.S.7.J., 23 (January, 1944), 97-113. 
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The suppression effect also increases the difficulty of decreasing appre- 
qably the minimum-detectable signal amplitude by means of special 
indicating devices. An improvement in the indication method that 
permits detecting video signals of one-fourth the oniginal minimum 
amphtude merely halves the amplitude of detectable i-f signals because 
of the square-law effect of signal suppression by the noise. 

27. Triode and Pentode Detectors. In some radar receivers, triodes 
or pentodes are employed as plate-circuit detectors, one circuit. being of 
the form illustrated in Fig. 494. The i-f signal is applied to the erid of 
the detector in series with a bias voltage of approximately the cutoff value. 
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Fig. 49. Plate-loaded plate-circuit detector. 


The plate current is therefore nearly zero between signal pulses and com- 
prises, during the signal, a series of brief pulses of nearly half-sine shape 
(see Fig. 49/5). The plate current causes a voltage drop across the load 
resistor /¢,, and the video components of this voltage form a negative 
pulse that is the output voltage of the detector. The i-f ripple com- 
ponents are removed from the output voltage by a low-pass filter, as in 
the diode detector. 

In Fig. 494, a cathode self-bias circuit is indicated. An alternate 
possibility, that of returning L; to a negative voltage source, has the dis- 
advantage that a low-resistance source of the bias voltage would be 
required. Otherwise the discharge time constant of C, would be long, 
and the detector would be blocked for an appreciable period after the 
application of a signal pulse of sufhcient amplitude to cause grid-current 
flow. If the capacitance C; in the self-bias circuit is made large enough 
to maintain constant voltage during the radar-set repetition period, the 
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bias voltage provided will depend upon the number and amplitude of the 
signal pulses present, and no adjustment of Fe, will yield the correct bias 
voltage under all signal conditions. <A better arrangement is to make C, 
large enough to serve as an i-f by-pass, yet small enough to permit rapid 
change of the bias voltage at the pulse 
edges. Resistor R, 1s then adjusted to 


mA provide a very small value of no-signal 
IN PUT plate current—complete cutoff of plate 
FROM a : ; 
\-F current is impossible because current in 
AMPLIFIER 


ft, 1s needed to produce the bias voltage. 
The disadvantage of the small by-pass 
reureur capacitor is that the detector gain is 
amecifiek reduced because (as indicated in Fig. 

= 495) the changes in bias voltage par- 
pe catnode laguca Plate-cit~ “tially oficeu the eilecwe: thea aaarilemn 
cuit detector. ; , 

changing the plate current. 

If positive output pulses are desired, rather than the negative pulses 
obtained from the circuit of Fig. 49, the load resistance may be moved 
to the cathode circuit, as in Fig. 50. If a double-tuned coupling circuit 
is employed at the detector input in the manner illustrated, the grid- 
cathode voltage is not influenced by the output voltage, and the cath- 
ode-loaded and plate-loaded detectors operate in essentially the same 
manner. 

An alternate connection of the cathode-loaded circuit, which resembles 
a cathode follower and is sometimes called an infinite-impedance detector, 
is lustrated in Fig. 51. Operation of this circuit differs from that of 
ig. 50 because the cathode-to- 
ground voltage H;, appears in the 
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back effect is somewhat similar to 
that in a cathode follower. The ; = | 
circuit 1s not a cathode follower, oo SORE O} 50 
however, because Cis an i-f by-pass 

capacitor, and the output voltage returned to the grid is a video pulse, 
whereas the input is an i-f signal. 

The detector of Fig. 51 1s perhapg best thought of as equivalent to a 
diode detector, except that the output current is obtained from the plate 
power supply rather than from the source of the i-f signals. The plate- 
cathode path in the tube may be thought of as a switch that is closed 
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Whenever the peak value of the input voltage exceeds /y — Meo, Heo being 
the cutoff bias voltage. 

Plate-cireuit: deteetors have the obvious advantage relative to diode 
detectors of providing erenter enn: that is, for signal amphtudes within 
the range of linear-detector operation, the video output obtamed with a 
specified i-f input is greater. In addition, greater gain can be had 
from the final stage of the i-f amplifier when plate-circuit detectors are 
emploved, beeause the detector output power is obtained trom the plate- 
voltage supply rather than from the 1-f amplifier. 

The major disadvantage of plate-cireuit detectors is the small range of 
linear operation. Che video output of diode detectors is very closely 
proportional to the peak value of the mput wave for all signal amphtudes 
ereater than about | volt. The hnear range of plate-circuit detectors, on 
the other hand, has (in addition to the small-signal limit) a large-signal 
limit caused by the flow of grid current. The linear range is there- 
fore undesirably small, particularly for the circuits of Pigs. 49 and 50. 
Another disadvantage of triode and pentode detectors is the mereased 
probability that incidental effects—such as power-supply hum and feed- 
baeck—will interfere with the desired operation of the circuit. 

28. Crystal Mixers. The name mixer refers to a nonlinear device in a 
superheterodyvne receiver in which a continuous local-oscillator wave 
and a modulated r-f signal wave are combined to produce an inter- 
mediate-frequency wave carrying the same modulation as the r-f wave. 
Low-frequency radio receivers commonly employ multigrid tubes that 
function as both mixers and local oscillators and are called frequency con- 
verters. These tubes do not operate satisfactorily at radar frequencies; 
therefore, radar receivers use separate mixers and local oscillators, crystal 
mixers being employed for microwave reception and vacuum tubes (usu- 
ally triodes) being employed most frequently in uhf systems (see Fig. 1, 
D.. 500). 

The r-f circuits of microwave crystal mixers make use of transmission 
lines, waveguides, and cavity resonators. These high-frequency circuit 
elements are treated in Chaps. VII to EX, and discussion of the actual 
forms of microwave mixers is therefore reserved for Chap. XII (see Arts. 
16 and 17). The present article is concerned with the principles apph- 
‘able to lumped-parameter equivalent circuits of mixers and is a neces- 
sary preliminary to the discussions in Chap. ALT. 

A basic equivalent circuit in terms of which the major features of mixer 
operation can be explained appears in Pig. 524. ‘The signal source ean 
parallel with resistor /?,) and the local oscillator send current through the 
tuned circuit comprising L, and C,. Thus the mixer input voltage ¢ 1s, as 
shown in Fig. 528, the sum of a continuous sine Wave Cose of local-oseilat or 
frequency and a pulse-modulated wave e; of signal frequency. The loca! 
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oscillator is represented in Fig. 52A as a current source because, to prevent 
loss of signal power to the oscillator, it is coupled to the mixer through a 
high impedance. The L,, C, a is tuned to the frequency of J, in 
order that the largest possible signal voltage may be applied to the mixer. 
Nevertheless the local-oscillator component of ¢ is ordinarily enormous in 
comparison with the signal voltage; the oscillator voltage is of the order of 
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a few tenths of a volt, whereas the signal voltage may be less than a 
microvolt. 

Because the crystal conducts current more readily in one direction than 
the other, the crystal current 7 is an unsymmetrical w ave, as indicated in 
ig. 52B. During periods between the application of signal pulses, 7 
comprises a d-c component, a fundaqgmental component at the oscillator 
frequency, and higher harmonic compontnts at multiples of the oscillator 
frequency. When a signal pulse is applied, additional frequency com- 
ponents appear. In particular, because the average value (over a few 
r-f cycles) of 7 increases and decreases in correspondence with the beat- 
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frequency envelope of e, a current component at the difference frequency 
of the oscillator and signal waves appears. By proper adjustment of the 
oscillator frequency, the difference frequeney can be made to equal the 
desired intermediate frequency of the receiver. Thus the intermediate- 
frequeney component 7;; (see Fig. 52/3) of the crystal current 7 is pro- 
duced by the mixer. 

The output voltage of the mixer results from the passage of the current 
t through the parallel combination of /., C. and PR (see Fig. 524). Because 
the output cireuit is tuned to the intermediate frequency, only the eom- 
ponent @, produces an appreciable voltage drop, and the output voltage 
isan i-f pulse having the same modulation envelope as the r-f input pulse. 

The foregoing explanation suggests that a eryvstal mixer is in principle 
a diode detector, the intermediate frequency being produced by the beat 
effect of two simultaneously applied signals. Note, however, that in 
order to emphasize the desired output-voltage component the load 
impedance for the mixer 1s made neghgible except at the intermediate 
frequency. For this reason essentially no output voltage is obtamed 
when local-oscillator voltage alone is apphed, and the conduction period 
of the nonlinear mixer element endures for roughly half of each local- 
oscillator cycle. 

Of particular significance is the following contrast between detectors 
and mixers: As explamed in Art. 26, the detector is fundamentally a 
nonlinear device. The mixer, on the other hand, when operated with 
small input signals, may be thought of as a variable-parameter linear 
device. To be sure, the crystal in the mixer is actually nonlinear. 
Nevertheless, because of the small amphtude of the signal voltage relative 
to the local-oseillator voltage, it may be assumed that the incremental 
conductance or slope of the 2, e characteristic of the nonlinear element 1s 
controlled as a definite function of time by the oscillator voltage and is 
neghgibly altered by the small signal voltage. With respect to signal 
quantities, therefore, the mixer is characterized by a parameter that 
varies as a fixed function of trzme. Nonlinear effects can occur only if 
the apphed signals are so large that the mixer parameters become func- 
tions of the signal voltage as well as the oscillator voltage. As long as 
only small signals are appled, the principle of superposition may be 
applied to the mixer, special effects such as the suppression of signals by 
nose in detectors cannot occur, and a mixer behaves in every respect as 
an ordinary linear network—except, of course, a change of frequency 1s 
produced because of the variable element. 

The linear-network characteristics of a mixer are emphasized in the 
equivalent circuit drawn in Fig. 53. The crystal of Fig. 52A 1s replaced 
by a linear network, and the local-oscillator current J... 1s omitted 
because the linear equivalent applies only to signal quantities. ‘The 
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parameters shown in the network representing the crystal are the short- 
circuit parameters. Suppose, for example, that a short circuit is placed 
at the output terminals and an r-f signal voltage is applied at the mput 
terminals. The resulting r-f component of crystal current gives rise to 


LINEAR NETWORK REPRESENTING 
CRYSTAL 





Fre. 538. Equivalent signal circuit for crystal mixer. 


the short-circuit Input admittance represented by ¥,, and the correspond- 
ing 1-f component is the short-circuit output current of the mixer repre- 
sented by J;r. The output voltage and current for any value of load 
admittance may be determined if the mixer output circurt is considered 
to be a current source J;; shunted by the output admittance Ys. Admit- 
tance ¥. 1s the admittance presented to an intermediate-frequency volt- 
age source at the output terminals when the input terminals are short- 
. circuited. The i-f source at the output 
causes high-frequency currents in the input 

| | | il | short circuit. These currents, represented 

0 | | | | | - by /,; and Zin, may be explained as follows: 


For the conditions considered, the voltage 
at the nonlinear element, which is the sum of 
the high-frequency local-oscillator voltage 

and an mtermediate-frequency voltage of 
small amplitude, may be represented by the 
wave marked ein Fig. 54. The correspond- 
ing crystal-current wave is represented by 2, 
and this wave with d-e and i-f components 
removed is drawn as 7’. Observe that 7’ has 
the form of a sinusoidally modulated carrier 
wave and may therefore be considered the 
sum of a carrier wave of local-oscillator fre- 
ei Gpo4.  Wixem wameforms for quency and two side-band waves at the 
I-f signal applied at output. . 
oscillator frequency plus and minus the 
intermediate frequency. One of these side-band current waves is at 
the frequency of /, in Fig. 53 and id represented by J,,; in Hie oon aie 
other 1s at the image frequency’ (see Art. 18) and is represented ey lee. 
In a complete analvsis of a mixer, it is necessary to consider not only 
the currents of signal frequency, image frequency, and intermediate fre- 
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quency mdicated in Fig. 538 but also current components of many other 
high frequencies. All components except the three madieated in Fig. 53 
have only small effeets upon the operation of mixers of the usual design 
and are omitted from consideration here. Note, however, that the 
components produced by simultaneous appheation of oscillator and r-f- 
signal voltages have frequencies equal to the differences between the 
signal frequeney and harmonies of the oscillator frequency. It 1s thus 
possible to use a loeal oscillator that operates at approximately a sub- 
multiple (usually half) of the signal frequency. Such systems have been 
used in radar receivers but are avoided whenever an oscillator of the 
desired frequency range is available, beeause harmonic operation 
Increases the loss of stenal in the mixer. 

Admittanees ), and Ys represent the r-f and i-f admittances of the 
mixer only under the short-circuit condition. ‘The r-f input admittance 
is in general (see Fig. 53) the ratio of the sum of /,, and the current in Y, 
to the applied r-f voltage. Current /,, depends upon the 1-f voltage 
across the load impedanee, and the r-f mput admittance is therefore a 
function of the i-f load impedance. In a similar fashion, source J;s 
depends upon r-f signal voltages, and the 1-f impedance of the mixer 1s a 
function of the input-cireuit impedance at the signal frequency. 

Current source /;, depends, in fact, not only upon voltages at the r-f 
signal frequency arising from /,, but also upon voltages at the image fre- 
queney arising from /;,. Input circuit impedances at both the signal 
and image frequencies therefore influence the 1-f output admittance of the 
mixer. Image-frequency impedances also influence slightly the r-f input 
impedance, because changes produced in the 1-f circuit in turn influence 
the r-f circuit. The r-f circuit does not, in general, present the same 
impedance to the mixer input terminals at both signal and image fre- 
quencies. The input circuit in Fig. 53 may be tuned and matched at the 
signal frequency, so that maximum power is transferred from the signal 
source to the mixer. At the image frequency, however, the input circuit 
is not resonant, and the input-circuit impedance may be nearly a short 
circuit. Independent control of impedance relations at the two fre- 
quencies is required if adjustment for the optimum conditions of opera- 
tion is to be made. 

The effectiveness of a mixer in converting r-f power to 1-f power is usu- 
ally specified in terms of the conversion loss of the mixer. By conversion 
loss is meant the ratio of the available power (see Art. 14) of the r-f source 
to the available i-f output power of the mixer; thus conversion loss 1s the 
reciprocal of the available-power gain (see Art. 17) of the mixer. lfor an 
ideal mixer element consisting of a lossless switch, the output 1-f power 
would equal the r-f input power, provided no power were lost from the 
mixer at the image frequency or at harmonic frequencies, and for a tuned 
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and matched input circuit, the conversion loss would be unity (or zero 
decibels). In an actual mixer, a conversion loss of 6 db, corresponding 
to an output power equal to one-fourth the input power, is typical. This 
loss occurs even though the input circuit is tuned and matched, and power 
loss at image and harmonic frequencies is negligible. The loss may be 
ascribed to the fact that the crystal is not an ideal switch but has the 
equivalent circuit of Fig. 19, p. 373. In particular, large r-f currents in 
capacitor C of Fig. 19 must flow through the spreading resistor R. 
Values of conversion loss obtained in practice depend, of course, upon the 
crystal employed, upon the input-circuit impedance relations at the 
signal and image frequencies, and upon the local-oscillator power. 
Values for standard crystals under typical operating conditions are listed 
in Table 1, p. 376. 

Because of the very small amplitude of the signal at the mixer, not only 
the loss of signal power but also the introduction of noise in the mixer are 
important to over-all receiver performance. As explained in Art. 16, 
the noise generated in a crystal may be specified by a noise-temperature 
ratio t. Noise may be accounted for in Fig. 53 by the addition of a noise- 
current source in parallel with /;;, the 1-f noise power available from this 
current source in parallel with the output admittance of the mixer being 
t times the available noise power (A 7Af) of a linear, passive network. The 
value of ¢ depends upon the local-oscillator power and to a very small 
extent upon impedance adjustments in the r-f circuit. For normal 
operating conditions, values ranging from 2 to 3 are typical; specific 
values are listed in Table 1. 

The definitions of ¢, the noise-temperature ratio, and of Fn;z, the noise 
figure (see Art. 17) of the mixer, may be written in terms of AN, the 
available 1-f noise power in the frequency band Af, and G,,;,, the available- 
power gain of the mixer (the reciprocal of the conversion loss), as 





i= AN FP... = AN 
a ae ideal Gantt Af 
Therefore, 
¢ 

fae = 

Gees (64) 

The over-all noise figure of the mixer and i-f amplifier is, by Eq. 35, p. 394, 

: ee : 

fr — I eg qe os (695) 


\. 
where /’,; is the noise figure of the i-f arhplifier. Combining Eqs. 64 and 
69 yields . 
ee, 
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(66) 
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The noise figure F caleulated from Eq. 66 1s somewhat less than the 
over-all noise figure actually obtainable in a microwave receiver for two 
reasons: (1) The r-f signal power available at the mixer input is less than 
the power available from the antenna because of losses in the input 
svstem. (2) The noise at the mixer output ts increased by the presence 
of noise onginating m the local oscillator. The oscillator supphes to 
the mixer not only a desired sine wave of large amphtude but also a noise 
wave of small amplitude having frequeney components mn a fairly broad 
band surrounding the oscillator frequency. Noise components at the 
signal and image frequencies are converted in the mixer to intermediate- 
frequeney noise. The effects of input-cireuit: loss and local-oscillator 
noise ean be taken into account by rewriting Eq. 66 as 


kta + Phy — 


Pie = 
ree Y y 
CG; mY welt rf 


(67) 


where F,,. is the over-all noise figure of the recerver, G,, 1s the avaitable- 
power gain (number less than 1) of the r-f iput circuits, and Aé 1s an 
apparent increase in the mixer-noise-temperature ratio caused by local- 
oscillator noise. 

Equation 67 can be used not only for the calculation of over-all noise 
figures but also for determining the most desirable operating conditions 
of the mixer. Consider, for example, the effect of impedance adjustments 
in the mixer circuit upon the quantities in the mght-hand member of lq. 
67. The input-circuit gain G,,; is, of course, independent of mixer adjust- 
ments, and ¢ + At is very little changed when mixer impedances are 
altered. The conversion loss 1/Gniz, however, depends upon input-cir- 
cuit impedance relations and is least if the input circuit 1s adjusted so 
that a tuned and matched i-f load produces the tuned and matched con- 
dition in the input circuit. The tuned and matched 1-f load is used only 
to permit correct adjustment of the input circuit. Under operating 
conditions, a higher value of i-f load resistance 1s employed in order to 
minimize ’;; (see Arts. 17 and 25). Thus a mismatch occurs also in the 
r-f circuit under operating conditions, but the r-f mismatch is consider- 
ably less than the i-f mismatch because of the conversion loss of the mixer. 

The image-frequency impedance of the input circuit must be considered 
in making mixer impedance adjustments. Image-frequency adjustments 
have some effect upon Griz; in particular Gr;z is reduced if the mixer 
faces a resistive impedance at the image frequency and therefore delivers 
power at this frequency. Most important, however, is the effect of 
image-frequency impedance upon the i-f output impedance. Consistent 
results of i-f adjustments are possible only if the image-frequency imped- 
ance is carefully controlled. 

Because of the difficulty of making impedance adjustments in mixers, 
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standard-type crystals are required to be reasonably uniform in imped- 
ance characteristics. Thus correct r-f and i-f impedance relations can 
be established in the design of a mixer, and no adjustments during use 
ave required. For the crystals listed in Table 1, tuned-and-matched 
conditions are obtained if the r-f source resistance is about 50 ohms and 
the 1-f load resistance is of the order of 500 ohms. (Type 1N28 crystals 
require a considerably higher load resistance. ) 

Another mixer adjustment that affects the quantities in Eq. 67 is the 
amplitude of the local-oscillator voltage applied to the crystal. A con- 
venient measure of the oscillator voltage is the direct current produced 
in the mixer by rectification of the 
oscillator voltage. Provision is 


oO 

z 3 made in radar receivers for meas- 
oe bos ee uring this current, and in Fig. 55 
5 typical curves of conversion loss 
zo and noise-temperature ratio are 
= <—“Fatio.ttat .__ plotted as functions of the crystal 
zo current. From these curves and 
i from Eq. 67, it may be seen that 
1.0 


‘ = a high noise figures result at low crys- 
ERS TAM CURRENT aMIN- icmtee bes tal currents because of the high 
Fic. 55. Dependence of conversion loss conversion loss (low G,,;z) and again 
ee ratio upon crystal at, high crystal currents because of 
the high noise-temperature ratio 
t+ At. ‘The crystal current for minimum F,,. depends somewhat upon 
the crystal and the noise figure of the i-f amplifier but is usually approxi- 
mately 0.5 ma. Appreciable change of crystal current from the opti- 
mum value can occur with only a small increase of the noise fieure. 

Lhe possibility exists of applying to the crystal a direct Voltage in series 
with the local-oscillator voltage. A voltage in the direction to decrease 
the conduction period and the rectified current increases both the noise- 
temperature ratio and the conversion loss and should be avoided. For 
this reason, the d-c resistance of the crystal circuit must be kept less than 
about 100 ohms. A bias of a few tenths of a volt in the direction to 
increase the conduction period produces a sheht improvement in noise 
figure and provides minimum noise figure over a somewhat wider range 
of values of crystal current. The improvement thus obtained, however, 
is seldom sufficient to justify the additional circuit complexity. 

The effect of local-oscillator noise, represented by Aé in Eq. 67, upon 
the over-all noise figure is unimportant in 10-cm receivers but results in 
noise figure increases of about 2 and + db, respectively, in 3- and l-cm 
receivers. The increased importance of oscillator noise in high-frequency 
receivers occurs because the bandwidth of the oscillator noise spectrum 1s 
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roughly proportional to the oscillator frequeney. If higher intermediate 
frequencies are emploved in the higher frequency receivers to avoid the 
Increase of oscillator noise, a greater i-f amplifier noise figure results. 
Many 3- and l-cm receivers employ balanced mixers to avoid the effect of 
loeal-oseillator noise. These mixers, described in Art. 17, Chap. XEI, 
employ two crystals connected in sueh a wav that the oscillator-noise out- 
puts of the ervstals cancel. 

29. Vacuum-tube Mixers. As indicated in Fig. 1A, p. 889, ulf radar 
receivers ordinanly employ r-f amplifiers and vaeuum-tube mixers. At 
frequencies up to about 500 Meeps, r-f amplifiers ean be made with noise 
figures equal to or lower than those of the erystal-mixer input cireuit. 
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Fic. 56. Triode mixer. 


For use with an r-f amplifier, a vacuum-tube mixer is preferred to a 
crystal mixer because of its greater reliability and conversion gain—the 
poorer noise figure of the vacuum-tube mixer is of no consequence if the 
signal is sufficiently amplified before application to the mixer. 

Tubes used as radar mixers are special uhf types designed for operation 
at frequencies of 100 to 1,000 Mecps. ‘Triodes similar to those employed in 
uhf oscillators (see Art. 1, Chap. X) and r-f amplifiers (see Art. 15, Chap. 
XII) are ordinarily used. Diodes can operate as mixers 1n essentially the 
same manner as crystals, but they do not provide the amplification avail- 
able from triodes. ‘Tetrodes and pentodes can be employed as mixers, 
but they are not so readily available in uhf designs as are triodes. 

A typical triode mixer circuit for use at frequencies of 200 Mcps or less 
is indicated in Fig. 564. Mixer circuits for the higher uhf range are 
similar in principle but employ transmission-line r-f tuning elements (see 
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Art. 15, Chap. XI1). The tuning inductance ZL, in Fig. 564 comprises 
three or four turns of heavy wire and is adjusted to resonate with tube and 
wiring capacitances at the frequency of the signals obtained from the r-f 
amplhifier. ‘lhe local-oscillator voltage enters the mixer circuit through 
Cosc, & Very small coupling capacitance provided by a probe or disk con- 
nected to the oscillator output terminal and located near the mixer grid 
lead. Because of nonlinearities in the tube characteristics, a difference- 
frequency component is produced in the plate current when signal and 
oscillator voltages are applied to the grid simultaneously. For the cor- 
rect local-oscillator adjustment, the difference frequency is equal to the 
intermediate frequency of the receiver, and an intermediate-frequency 
voltage appears at the output terminals—inductance L resonates with 
the tube and wiring capacitances at the intermediate frequency. 
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Fie. 57. Equivalent signal circuit for triode mixer. 
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Production of the i-f current component occurs in very nearly the same 
manner as in the crystal mixer and may be explained by reference to Fig. 
065. The grid voltage is the sum of a steady bias voltage E, and 
sinusoidal oscillator and signal voltages. As indicated in the figure, beat- 
frequency variations of the envelope of the erid-voltage wave occur when 
oscillator and signal voltages are applied simultaneously. Corresponding 
plate-current variations may be determined by reference to the 1p, €- CLINE 
drawn. Because the bias voltage is approximately the value for cutoff, 
plate current flows in essentially half-cycle pulses, and the average value 
(over a few r-f cycles) varies in accordance with the beat- frequency 
envelope when a signal is applied. Observe that, because of the presence 
of the local-oscillator voltage, there is no realy | in obtaining essentially 
cutoff bias by means of a cathode resistor. 

The triode mixer, like the crystal mixer, can be looked upon as a 
variable-parameter fas device rather pea as a nonlinear device. In 
normal, small-signal operation, gn, the transconductance of the tube, 
varies as a definite function of time in accord with the oscillator -vdldaiee 
variations and is unaffected by the small signal voltage. Thus the triode 
mixer can be represented by the equivalent signal circuit of Fig. 57. The 

r-f amplifier tube from which inpwt signals are obtained may be con- 
sidered a current source in shunt with a resistor and a capacitor. The 
current source is represented by f, in Fig. 57, and the resistor, in parallel 
combination with the loss resistance of L, and the Input rea iweeince of the 
mixer tube, is represented by R,. The amplifier capacitance, the mixer 
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input capacitanee, the capacitance of the loeal-oscillator circuit, and the 
shunt capacitance of the input coupling circuit are represented by Cs. 
Parameters of the mixer output and i-f amplifier input circuits are repre- 
sented similarly by 2, L, and C, and current source g-f, represents the 1-f 
component of the current delivered by the mixer to a short-cireurt load. 
Beeause of the linear properties of the mixer, g-/%, is proportional to /,. 
Thus g-. the conversion transconductance of the mixer, 1s a constant 
analogous to gm but applicable to the frequency-conversion process. 

The value of g. depends upon the shape of the %, ¢. curve in Hig. 564 
and upon the bias and oscillator voltages applied to the tube. Maximum 
g. is obtained if gm is zero during one half of the oscillator cycle and as 
large as possible during the other half evele—in this way the maximum 
change in the average plate current is obtained when the signal voltage 1s 
added to the oscillator voltage. For maximum g,, therefore, the bias 
voltage is adjusted to the cutoff value, and the oscillator voltage 1s made 
as large as possible without the flow of grid current. Grid current 1s 
undesirable beeause of the loading of the signal source that it would pro- 
duce. If the %, e curve were astraight line of slope gm, and if cutoff bias 
were used, the increment of plate current caused by the application of a 
signal voltage in phase with the oscillator voltage and of peak value Le», 
would be a half cycle of a sine wave of peak value gmMsm and average 
value gmEem/m (see Eq. 2, p. 342). This average-value increment cor- 
responds to the current change marked Az in Fig. 56B and therefore to a 
value of g, equal to gm/m, or 0.3189,,. Actual tubes do not, of course, have 
straight 7, e. curves; under optimum operating conditions a value of g. 
about 0.28 times the value of gm at the peak of the oscillator-voltage cycle 
may be expected. 

The equivalent circuit of Fig. 57 suggests that for the triode mixer, in 
contrast to a diode or crystal mixer, i-f impedance adjustments in the out- 
put circuit do not affect the r-f impedance of the input circuit, and vice 
versa. Complete independence of r-f and 1-I impedances is obtained 
only if the output tuned circuit 1s a short circuit at the input frequency, 
and the input tuned circuit a short circuit at the intermediate frequency, 
so that no r-f voltage appears in the output circuit or i-f voltage in the 
input circuit. The short-circuit conditions are not completely realized in 
practice, and therefore some interaction between r-f and i-f circuits does 
exist. The interaction is small, however, so that a triode mixer, unhke a 
triode amplifier, can supply appreciable voltage amplification at high 
frequency without danger of oscillation resulting from feedback through 
the grid-plate capacitance. 

Because the triode mixer of Fig. 57 is ordinarily preceeded by r-f amphi- 
fier stages, noise generated in the mixer is relatively unimportant, and 
gain and bandwidth considerations are of major interest in the design of 
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the mixer. Nevertheless, an estimate of the noise generation of the mixer 
is needed to determine the amount of r-f amplification required to make 
the mixer noise negligible. Ag explained in Art. 16, noise generated in a 
triode comprises induced-grid noise associated with the transit-time orid- 
loading resistance and reduced-shot-effect noise representable in terms of 
an equivalent noise resistance #,, in the grid circuit. For a tube used as 
a mixer, the grid-loading resistance is somewhat increased because plate- 
current flows for only half the oscillator cycle, and the importance of 
induced-grid noise is correspondingly decreased. Nevertheless, the noise 
figure is materially higher than for the same tube used as an amplifier 
because of the considerably higher value of F., in the mixer application. 
Where noise performance is of importance, therefore, a vacuum-tube 
mixer should not be used as a receiver Input stage. 

he higher value of /,,, that applies when a tube is employed as a mixer 
rather than as an amplifier may be explained as follows: By the definition 
of /e., made in connection with Eq. 29, p. 389, the value of R., is propor- 
tional to A/Z|?/g,? for an amplifier tube and to All) nc2/Ge" for a mixer tube, 
A\Z\? being the mean-square value of the plate-circuit noise current for 
the amplifier tube given by Eq. 2/, p. 387, and Al/|*.. being the corre- 
sponding quantity for the mixer tube. Because the mixer-tube plate 
current is zero for half of each local-oscillator cycle, All|. is about half 
All|*. Also, g- is approximately 1/x times gm, and therefore R., for a 
mixer is approximately (1/2)/(1/r)? = 5 times the value of Keg Loraane 
same tube employed as an amplifier. 

The mixer of Fig. 56 is called a grounded-cathode or cathode-return 
mixer because the cathode serves as a common point for the input and 
output circuits. An alternate connection often convenient for use in 
high-frequency mixers is the grounded-grid or grid-return circuit, in which 
the r-f voltages are applied between cathode and grid and the i-f output 
voltage is obtained between plate and grid. A mixer circuit of this form 
is described in Art. 15, Chap. XII. The significant differences between 
the grounded-cathode and grounded-grid mixer circuits are as follows: 
(1) The grounded-grid circuit is easier to construct if the input frequency 
is so high that coanial-line tuning elements are required. (2) The Input 
impedance of the grounded-grid mixer is low because the signal source 
must supply the r-f component of plate current. 

30. Automatic-frequency-control Circuits.' An automatic-frequency- 
control circuit, or afc circuit, is an arrangement for maintaining an essen- 
tially constant difference between the transmitter and local-oscillator fre- 





' For a more detailed discussion of radar afc systems see R. V. Pounp, Microwave 
Mixers, 290-351 (McGraw-Hill Book Company, Inc., New York, 1948) and Se 
Van Voorius, Alicrowave lvecetvers, 27-78 (McGraw-Hill Book Compnay, Inc., New 
York, 1948). 
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queneies despite effeets tending to shift these frequencies. The effects 
Include temperature changes (especially important during first few 
minutes of operation) in both the transmitter and the local oserlator and 
transmitter lord-impedanee changes caused by antenna rotation. An afe 
elreuit is seldom required mn uhf systems but is often employed mn 10-em 
svstems to counteract frequency shifts of the order of several megacveles 
per second and ts nearly always used m 3- and I-em systems to avoid 
shifts of tens of megacyvcles per second. 

The components of a tvpteal afe cirreuit are indieated in the block dia- 
eram of Fig. EB, p. 339. A small sample of the transmitted pulse 1s 
apphed along with the loeal-oscillator voltage to a crystal mixer, and the 
mixer output after amplification by several i-f stages ts apphed to a special 
detector circuit called a discriminator. The d-e output of the diserimi- 
nator is zero, positive, or negative, depending upon whether the mter- 
mediate frequeney has the correct value or deviates from the correct value 
in one direction or the other. A larger direct voltage is produced by the 
control cireuit and applied to the reflector electrode of the klystron local 
oscillator. The klvstron frequeney may be controlled within a small 
range by adjustment of the reflector voltage (sce Art. 4, Chap. AI). 
Through the action of the discriminator and the control cireuit, any 
deviation of the intermediate frequency from the desired value is made to 
bring about a reflector-voltage change that tends to restore the inter- 
mediate frequeney to the correct value. 

The afe mixer emplovs a crystal and ts entirely similar to the signal- 
channel mixer. The afce i-f amplifier also is like the signal-channel i-f 
amplifier. except that the minimum possible noise figure 1s not required, 
and less gain is needed. ‘The discriminator and control circuits are to be 
discussed in this article. In some afe systems, the afc attenuator, mixer, 
and i-f amplifier are omitted, and a voltage from the signal-channel 1-f 
amplifier is applied to the discriminator. ‘The receiver circuit is thereby 
simplified, but the frequency control obtained is less effective because the 
transmitted pulse in the signal channel contains extraneous frequency 
components introduced at the t-r device. Also strong signals from near- 
by radar equipment may appear in the signal channel with amplitudes 
comparable to the transmitted pulse and may influence the discriminator 
output. 

A much-used discriminator circuit is drawn in Fig. 58. A coupling 
network connected to the final i-f amplifier tube Vo supplies two 1-i output 
voltages E, and £2. Each of these voltages 1s applied to a diode detector 
(tubes V; and V2), and the difference between the two direct voltages pro- 
duced by the detectors is the output voltage H.. of the diserimmator. 
Inductors L, and L, are coupled by the mutual inductance AZ, and the 
very small capacitors C; and C2 are used to tune the primary and second- 
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ary circuits. The coupling circuit is thus a special arrangement of the 
double-tuned circuit of Art. 23. Combinations of the primary voltage 
, with half the secondary voltage £, form the i-f output voltages #; and 
Ko. 
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Fig. 58. Typical discriminator circuit. 


The input impedances of the two diode detectors (see Art. 26) appear in 
series across the secondary circuit of the coupling network, and the sum 
of the two detector currents flows in C. and is a load current for the pri- 
mary circuit. Assume, temporarily, that the voltage drop in C, is 
neghgible and that the entire loading effect of the diodes can be repre- 
sented by a load resistor across the secondary circuit. An equivalent 
circuit for the coupling network can then be drawn in the form of Fig. 
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Fie. 59. Equivalent circuits for coupling networks in Fig, 58. 


o9A, in which Ff, and C, represent the total shunt resistance and capaci- 
tance of the primary circuit and R, and C, have similar significances for 
the secondary circuit. 

A fact of particular interest is that at the desired intermediate fre- 
quency the secondary voltage H, is 90 deg out of phase with the primary 
voltage #,. This fact may be demonstrated by reference to the simpli- 
hed equivalent circuit of Fig> 59B, in which the connection between 
primary and secondary circuits is omitted (because only the relation of 
i, to Ly is to be considered) and the equivalent circuit of hig. 464, p. 129 
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in Chap. II, is emploved for the coupling transformer. Inductance L," 1s 
equal to (1 — k2)L,, the short-cireuit inductance of the secondary winding. 
A complex-number calculation based on Fig. 59B yields 


i. I 


_ I, r ihe meg eee ae a ae (68) 


The primary and secondary tuning capacitors are adjusted so that with 
either winding short-circuited the other cireuit is resonant at: the desired 
intermediate frequeney fiz. Thus 2zf;; corvesponds to the mid-band 
angular frequency wo employed in Art. 23. At the frequency fis, L.’ and 
C. are in resonance, 1 — w2C,1,/ is zero, and by Eq. 68, #, lags /, mM 
phase by 90 deg. At lower frequencies, 1 — w°CsLs' 18 positive and fh, 
and E, differ in phase by less than 90 deg. At higher frequencies, the 


phase difference is greater than 90 deg. 
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Fic. 60. Complex-number diagrams for network of Fig. 59A. 


From Fig. 594 it may be seen that the 1-f output voltages H, and FE, 
equal, respectively, Hp, + loH, and &, — 15E,. Thus the complex- 
number diagrams of Fig. 60 apply, and the relative magnitudes of /, and 
E> depend in the manner indicated upon the frequency of the apphed 
signal relative to fir. The general way in which the magnitudes of 4, 
and EB» vary with frequency is indicated in Fig. 61A. The exact shapes 
of these curves depend upon the transformation ratio and coefficient of 
coupling of the transformer, upon the Q values for the primary and 
secondary circuits, and upon loading effects of the diode detectors not 
represented in the equivalent circuits of Fig. 59. Nevertheless, 4, may 
be thought of qualitatively as the voltage developed across a parallel 
resonant circuit tuned to a frequency less than the desired intermediate 
frequency, and /, as the voltage across a similar circuit tuned to a fre- 
quency above the desired frequency. 

The direct output voltages of the diode detectors ied 1. oS em ely 
nearly proportional to the i-f voltages 4, and He, and therefore the shape 
of the curve of Ee. as a function of frequency may be determined by sub- 
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tracting the |#,| curve in Fig. 61A from the |£,| curve. The result, 
shown in Fig. 618, is called the S curve of the discriminator and indicates 
that Ha, is zero for applied voltages of frequency fis, and is positive for 
lower frequency voltages and negative for higher frequency voltages. 
Note that the frequency at which a. is zero 1s the frequency at which £, 
is 90 deg out of phase with /, and therefore depends upon the tuning of 
the discriminator secondary circuit. The symmetry of the two peaks of 
the 5 curve depends upon the discriminator-primary tuning or (if the § 
curve is drawn for the entire i-f amplifier combined with the discrimi- 
nator) upon the tuning of all stages of the i-f amplifier. 

The waveform of the discrimi- 
nator output voltage E,, depends 


a upon the time constant RC of the 
le] detector output circuits in Fig. 58. 
If the time constant is short com- 
pared with the period between 
pulses, the output consists of a 
serles of video pulses, one for each 

0 





transmitted pulse; if long, the out- 
put 1s an almost smooth direct volt- 
age. ‘lhe amplitude of the pulses, 
or the value of the direct voltage, 
te varies with the frequency of the 
input to the discriminator in the 
manner indicated by the S curve of 
Fig. 61B. 

Long-time-constant discriminator 
circults are employed if the control 
circuit that connects the discrimi- 
_ ae. nator to the local oscillator is a d-e 
ees oe a a amphfier. <A typical circuit of this 

type is indicated in Fig. 62. Note 
that, because a negative voltage of a few hundred volts must be supplied 
to the klystron reflector, the d-c amplifier is connected between ground 
and a negative supply voltage. The discriminator output circuit is at 
ground potential for i-f voltage components in Ing. 62, asin Fie. 58. The 
large negative direct voltage at the discriminator output does not affect 
the operation of the discriminator, because capacitor C, is an open circuit 
for direct current, and the ground eircuit of F lg. 58 18 opened at point A 
When the connections of Fig. 62 are made. 

The adjustable tap on resistor Ry 1s set so that the voltage applied to 
the reflector of the local-oscillator tube when £,. is zero results in an 
intermediate frequency of the desired value. This adjustment may be 


(A) MAGNITUDE OF I-F OUTPUT VOLTAGE 


(B) DISCRIMINATOR OUTPUT VOLTAGE 
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made with the detector diodes Vy and V2 removed from their sockets. 
Often, in the orF position of the afe ON-OFF switch, the voltage Ma. 1s 
short-circuited, and resistor 2, is then used as the manual tuning control. 
Proper adjustment of the afe circuit ts then secured by an initial manual 
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Fic. 62. Typieal control circuit of d-e-amplifier type. 


tuning of the receiver. When /) is correctly adjusted, the afe circuit 
has no effect upon the local-oscillator frequency unless the intermediate 
frequency changes from its correct value. If the intermediate frequency 
does change, the new voltage applied to the reflector of the local oscillator 
returns the intermediate frequency almost to its proper value. 


INTERMEDIATE FREQUENCY IN MCPS LOCAL-OSCILLATOR FREQUENCY IN Mces 
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Fic. 63. Curves used in determining performance of afc circult. 


The frequency-stabilizing effect of the afe circuit may be determined 
From curves such as those of Fig. 63, which are typical for a radar system 
having a nominal transmitter frequency of 3,000 Meps and a nominal 
local-oscillator frequency of 3,030 Meps. The S curve of Fig. 634 is the 


amplified and inverted version of the discriminator 5 curve of Fig. 61. 
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Lhe variation of local-oscillator frequency with reflector voltage is indi- 
cated in Fig. 638, and it is assumed that the klystron oscillates strongly 
over the reflector-voltage range of —150 to —190 volts. (See Art. 4, 
Chap. XI, for a discussion of reflector-voltage tuning of klystrons.) For 
a transmitter frequency of 3,000 Meps, operation is at point A, the local- 
oscillator frequency being 3,030 Mcps, the intermediate frequency 30 
Meps, and the reflector voltage —170 volts. 

If the transmitter frequency increases, the intermediate frequency 
decreases and the action of the discriminator makes the repeller voltage 
shift in a negative direction. This shift increases the local-oscillator fre- 
quency and almost compensates for the increase in transmitter frequency. 
Suppose, for example, that the transmitter f requency shifts by an amount 
which decreases the intermediate frequency by 0.5 Meps. Operation is 
then at point B in Fig. 63A, and the local-oscillator reflector voltage is 
—175 volts. This reflector voltage, according to the curve of Fig. 63B, 
produces a local-oscillator frequency of 3,035 Mcps. Since the trans- 
mitter frequency is assumed to be lower than that of the local oscillator, 
it 1s 3,035 — 29.5 = 3,008.5 Meps; that is, a change of 5.5 Meps in trans- 
mitter frequency is required to shift the intermediate frequency by 0.5 
Meps. | 

A disadvantage of the circuit of F ig. 62 is its relatively slow operation. 
Very sudden changes of transmitter frequency may occur because of 
impedance changes caused by antenna rotation. The circuit of Fig. 62 
does not correct for these changes immediately because of the long time 
constant employed in the discriminator output circuit. Another dis- 
advantage, which is of considerable importance in 3- and 1l-cm systems, 
is the need for an initial manual-tuning adjustment before automatic 
operation can begin. Control circuits employing gas triodes have been 
devised to provide automatic lock-in of the afe circuit and also somewhat 
more rapid response to frequency changes. 

Onewanmirot fastibe control cllcuit is indicated in simplified form by 
the diagram of Fig. 64. The discriminator time constant is short, so that 
positive or negative video pulses are obtained from the discriminator, and 
these pulses are amplified and inverted by the video amplifier of F 12a, 
The discriminator connections for lig. 64 are reversed relative to those 
of Fig. 62; thus the video-amplifier output pulses are positive for inter- 
mediate frequencies less than the correct value and negative for higher 
intermediate frequencies. These pulses are apphed to the grid of gas 
triode V3 in Fig. 64. 

Lo understand the operation of this circuit, first assume that the radar 
transmitter is off. When power is applied to the afe circuit in Pig, 68 
zero initial voltages exist across cagacitors Cy, Cs, and C3, and tube Y 
conducts because its vrid-to-cathode voltage is zero. As capacitor C, 


» 
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charges through the path shown in Fig. 64, the plate-to-cathode voltage 
of Vy decreases until a value is reached which is insufficient to sustain 
conduction. This occurs when the voltage across C2 reaches —200 volts, 
as indicated in Fig. 65. As soon as tube Vy stops conducting, capacitor 
(. discharges through resistors ?y, and Rs until the plate-to-cathode volt- 
ave rises sufficiently to permit conduction. The voltage at which V, 
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Fic. 64. Control circuit employing gas triodes. 


conducts depends upon the magnitude of the negative grid-to-cathode 
voltage built. up across C3. For the circuit values in the figure, the volt- 
age c, across C; reaches — 100 volts when V, begins to conduct. Thus a 
saw-tooth waveform having an amplitude of 100 volts and a frequency of 
about 1 cps (see Fig. 65) is apphed to the reflector of the local oscillator. 
The negative grid-to-cathode voltage developed across ». prevents V 3 
from conducting when the radar transmitter is off. 
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Fic. 65. Variation of local-oscillator reflector voltage during operation of gas-triode 
circuit. 

When the reflector voltage is periodically varied, the local-oscillator 
tube oscillates during only a portion of the sweep. Assume that oscilla- 
tions occur in a range of about — 150 to —190 volts and that the curve of 
Fig. 63B applies. When the transmitter is turned on, an intermediate- 
frequency signal is produced and, for a transmitter frequency of 3,000 
Meps, varies from a value somewhat above 30 Mcps to one somewhat 
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below 30 Meps as the reflector voltage rises from —190 to — lav evelts. 
Because of the discriminator circuit, video pulses appear at the video- 
amplifier output in Fig. 64 when the reflector voltage is near —170 volts, 
and the variation of the pulse amplitudes is as indicated in Pig. 66. 

When the voltage on the reflector of the local oscillator reaches a value 
slightly above —170 volts, the intermediate frequency is somewhat less 
than 30 Meps and the pulses applied to the grid of V3 in Fig. 64 are 
positive and have sufficient amplitude to cause the tube to conduct. As 
a result, capacitor C; discharges quickly through the tube. Tube V 3 
stops conducting when its plate-to-cathode voltage reaches about 20 
volts, and C, begins to recharge through resistor 4. 
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Variation of video-pulse amplitude in gas-triode circuit. 


The abrupt drop in voltage at the plate of V. causes C's to begin to 
charge through R; and C 1, thus interrupting the exponential rise of the 
reflector voltage ec, and starting a decrease of e,. The decreased value of 
é, Increases the intermediate frequency and removes the positive pulses 
from the grid of V,. Therefore, C; is able to recharge through Rs, and 
the rise of the reflector voltage begins again. When the intermediate 
frequency again becomes less than 30 Meps, V3 conducts once more and 
the cycle repeats. The reflector voltage therefore varies In a small range 
around —170 volts. It has an upproximately saw-tooth Waveform, a 
repetition rate of about 200 cps, and an amplitude of only a fraction of a 
volt. It is illustrated by the small-amplitude voltage variations in Fig. 
65. Because this voltage is applied to the reflector of the local-oscillator 
tube, the output frequency of the receiver mixer is not constant. How- 
ever, the variations lie in a range centered at 30 Meps and of width less 
than the i-f-amplifier bandwidth, 

While the afe circuit is locked in,and Vy is conducting periodically, V, 
does not conduct and plays no part in the operation of the circuit. This 
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tube funetions only to bring the reflector voltage into the correct range 
and to reestablish correct. operation Wf the afe eirewt is thrown out of the 
eorrect range at any time durmeg operation—by an abrupt change of 
transmitter frequency, for example. 

31. Anti-interference Circuits and Signal Discernibility. As explained 
in Art. 17, the minimum amplitude of a discernible signal depends 
upon (1) the amount of noise and interference received by the 
antenna, (2) the amount of noise generated m the receiver input circuits, 
and (3) the effects of receiver cireuits and indicator presentation upon 
signal diseernibility. Input-cireuit. noise generation (as measured by 
noise figure) is discussed in Arts. 17 and 25, and the effects of bandwidth 
and deteetor nonlinearity upon stenal discernibility are considered in 
Arts. 18 and 26. The present article treats special circuits sometimes 
added to a receiver to improve the diseermbility of srgnals in the presence 
of strong mterference. 

Eeho-pulse signals may be obscured not only by fluctuation noise 
received by the antenna or generated within the receiver but also by a 
variety of interfering signals artsing from near-by radar systems or other 
electrical equipment. Such mterfering signals frequently are of much 
greater amplitude than the noise, but fortunately they have waveforms 
of such a nature that it 1s often possible to reduce considerably the extent 
to which echo pulses are obscured. The interfering signals may take the 
form of modulated or unmodulated sine waves of frequencies near that 
of the radar system (other frequencies are rejected by the receiver) or of 
transient disturbances having frequency components in the range 
accepted by the receiver. Another form of interference known as clutter 
arises if the echo pulse from an object of interest is obscured by signals 
returned from other objects. Sea return, for example, is a form of 
clutter and mav interfere with the detection of echoes from ships or from 
wircraft flying over water. Clutter recetved from land masses may 
interfere stmilarly with signals from aircraft over land, and even clouds 
and ramstorms may cause clutter that increases the difficulty of aircraft 
detection, particularly at radar wavelengths of 3 cm or less. 

Consider first that the interfering signal is an unmodulated sme wave, 
and assume that the interfering signal and the echo pulse of interest have 
different frequencies. The interfering signal alone produces a direct 
voltage at the detector output, and the beat effect that occurs when 
interference and echo pulse are present simultaneously results in a 
detector output wave of the general form ilustrated in Fig. 67. (A 
detector that normally produces negative pulses is assumed.) ‘Phe form 
indicated in Fig. 674 occurs if the frequency difference between inter- 
ference and echo pulse is several megacycles. If the frequency difference 
is very small, the phase difference between interference and echo changes 
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httle during the pulse duration but has different values on successive 
range sweeps, so that the pattern of ig. 6768 is obtained. These pat- 
terns show that some indication of the presence of the echo pulse is 
obtained even though the interfering signal has an amphtude many times 


that of the desired signal. 


The patterns of Fig. 67 are obtained only if the i-f amplifier is not 
saturated by the interfering signal. If any stage saturates, its output is 
unaltered by the echo pulse, and no indication of the desired signal 
appears in the receiver output. ‘The primary requirement for detecting 
small signals in the presence of interference is as follows: The gain of the 
t-famoplrficr must be reduced sufficiently to prevent the interfering signal from 
saturating any stage of the receiver. Many anti-interference circuits are 
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merely special means of reducing the i-f gain at the proper times and by 
wppropriate amounts. 

Because gain must be decreased to avoid saturation, the echo pulses 
that can be detected in the presence of an unmodulated interfering signal, 
though considerably smaller than the interfering signal, are, of course, 
much larger than those which could be detected in the absence of inter- 
ference. If the grid-bias form of gain control (see Art. 22) is employed. 
the nonlinear characteristic of the tubes can be used to reduce the inter- 
fering signal greatly by cutoff clipping and at the same time to provide 
relatively high gain to the changes in the envelope of the interference 
wave produced by the addition of the echo pulse. 

Kven though saturation of the i-f amplifier is avoided, signal indica- 
tions may still be lost if no coupling capacitor is employed between the 
detector and the video amplifier—the first video stage may be biased 
beyond cutoff by the d-c component of the detector output (see Fig. 67). 
To avoid this possibility, most radar sets employ a coupling capacitor. 
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(The capacitor cannot cause blocking if the detector output voltage 1s 
negative.) If the frequency difference between the interference and the 
signal is large, the frequency of the beat wave in lig. 674 1s high and a 
very wide-band video amphfier ts required if signals are to reach the 
iIndieator. Sometimes arrangements are made to switeh an extra 
detector into the circuit when mterference ts present so that the beat- 
frequency pulse may be rectified and a lower frequency signal applied to 
the video amplifier and indheator. 

If the interfering signal is modulated at a low frequency or occurs m 
pulses of long duration, the same considerations apply as for an unmodu- 
lated interference wave, except that for optimum echo detection the gain 
should be inereased and decreased in accordance with the amplitude 
variations of the interference wave. Snueh rapid variation of gam is not 
possible by manual control but may be obtamed with the aid of spectral 
eircults. 

One form of gai control that may be provided by these special cireurts 
is known as automatic back bias, or tnstantancous automatre gatn control. 
Typieal circuits are illustrated in block-diagram form in Iigs. 68S A and B. 
In each circuit a negative direct voltage that varies In magnitude in 
necordance with the amplitude of the interfermg signal 1s produced by a 
detector and is used to control the bias voltage of an 1-f stage, thus auto- 
matically reducing the gain with merease of the amplitude of the inter- 
fering signal. 

The circuits of Fig. 68 differ from the conventional automatic-gain- 
control circuits employed in broadcast receivers (and in some spectal- 
purpose radar receivers) in that the time constant of the k-C filter through 
which bias voltage is applied to the i-f amplifier is short—of the order of a 
few tens of microseconds—rather than long enough to remove even low 
nudio frequencies from the gain-control voltage. The time constant_is 
short enough to permit the gain-control voltage to follow low-frequency 
modulations of the interference, vet long enough to prevent the gain- 
control voltage from changing during reception of an echo pulse of a few 
microseconds duration. Because the filter time constant must be short, 
the difficulty of preventing oscillations in the feedback loop formed by 
the gain-control circuit is considerable. Ordinarily it is possible to 
include at most two stages in the feedback loop (as in ig. 67A) or one 
stage if a video amplifier is used in the control circuit (as in Fig. 67D). 

The circuit of Fig. GSA makes use of the signal detector of the receiver 
in the gain-control circuit and applies bias voltage to the grid of the next 
to last stage of the i-f amplifier. Thus only the final two 1-f stages are 
protected from saturation. The circuit of Fig. 688 is somewhat more 
complicated because a separate detector for the gain-control circult 1s 
used, but it can be connected to any desired i-f stage. Often several 
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circuits like the one in Fig. 685 are used in a receiver, one being con- 
nected to the final 1-f stage and others to as many earher stages as require 
protection. When the separate detector of Fig. 6856 is empluyed, a 
delay voltage may be applied to the detector diode. The delay voltage 
makes the plate of the diode negative with respect to the cathode, so that 
small i-f signals cause no detector output. Thus full i-f gain is main- 
tained except for signals that approach the saturation level. 

When the interfering signal 1s modulated, special circuits are required 
not only to avoid 1-f amplifier saturation but also to avoid video-amplifier 
saturation. ‘The ‘“d-c’’ output of the detector (see Fig. 67) changes in 
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Fic. 68. Block diagrams of typical cireuits for instantaneous automatic gain control. 


magnitude in correspondence with the modulation envelope of the inter- 
fering wave and therefore causes variations of the bias voltage for the 
first video-amplifier stage, despite the use of a detector-output coupling 
capacitor. In consequence, the first video stage may be biased beyond 
cutoff during a portion of the modulation cycle. To avoid this effect 
some receivers are provided with a short-time-constant coupling circuit 
at the detector output. The time constant is made a few tens of micro- 
seconds, so that brief echo pulses are not altered by the coupling circuit, 
but low modulation frequencies are greatly attenuated. 

Both the automatic-back-bias: circuit and the short-time-constant 
coupling circuit produce the effect of edge response ‘n the receiver. That 
Is, on & plan-position indicator, for example, small objects are presented 
in the normal manner but large objects are marked only by a line along 
the edge of the object nearest the radar set. Such a display is more 
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dificult to interpret than a normal indieator presentation. Therefore 
switching arrangements are employed so that the back-bias cireuit can 
be disconnected and the coupling-cireuit time constant increased when 
interference is hot present, 

Another seheme for automatie control of i-f-amplifier @ain, called 
sensitivity-tame control because the gain is varied as a preseribed function 
of time, is useful when the interference is the clutter produced by land or 
sea return. Clutter-tvpe interference takes the form of relatively long 
pulses, one pulse being produced for each range sweep. Hach pulse has 
high amplitude shortly after the time of the transmitted pulse (because 
of the great intensity of the return from near-by objects) and decreases 
in amplitude more or less us the square of the time interval corresponding 
to range, finally becoming neghgible after an interval corresponding to a 
range of a few tens of miles. For maximum discernment. of signals 
amidst. clutter, therefore, the receiver gain should be low at the beginning 
of each sweep and should increase continuously as the sweep progresses. 
To provide the required variation of gain, a sensitivity-time-control cir- 
cuit takes the form of an ?-C cireuit: somewhat similar to a saw-tooth 
generator (Art. 5, Chap. IH) synchronized by the transmitted pulse. 
This circuit supplies a large negative bias voltage to one or more i-f 
stages at the beginning of each range sweep, and the magnitude of the 
bias voltage decreases because of the discharge of a capacitor as the 
sweep progresses. 

A disadvantage of the sensitivity-time-control circuit is that adjust- 
ment of the circuit constants for optimum variation of gain with time 
under various clutter conditions is difficult. The automatic-back-bias 
circuit provides the possibility of a more precise control of gain, but it 
does not operate well when required to produce the very large gain 
changes needed when clutter is present. Particularly effective is a com- 
bination of the two gain-control circuits in which the sensitivity-time- 
control circuit is adjusted to provide somewhat more than optimum gain 
throughout the range sweep. Errors in the sensitivity-time control then 
become unimportant because the back-bias circuit provides whatever 
additional gain reduction is needed at cach instant durmg the sweep. 

To prevent i-f-amplifier saturation, a procedure alternate to that of 
adding special gain-control circuits to the amplifier is the use of a non- 
saturating amplifier often called a linear-logarithmic amplifter. This 
amplifier provides an output voltage that is a linear function of the input 
voltage for low-amplitude signals and is approximately a logarithmic 
function for high-amplitude signals. That is, the hnear range does not 
terminate in a definite saturation point; rather, continued increase of the 
input signal causes continued increase in the output, though at a much 
reduced rate. Application of a large interfering signal to a lnear- 
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logarithmic amplifier therefore does not fully saturate the circuit but 
merely reduces the extent to which the circuit amplifies a simultaneously 
applied, small echo pulse. The net result is the same as could be obtained 
in an ordinary amplifier by decreasing the amplifier gain to avoid satura- 
tion. Because the effective gain for the small echo pulse is the slope of 
the output-input curve and the derivative of In x is 1/2, the logarithmic 
output-input curve provides a signal gain inversely proportional to 
the amplitude of the interference. 

One circuit for approximating the Hnear-logarithmic characteristic 1s 
illustrated in block-diagram form in Fig. 69. The i-f stages are so con- 
structed that the amplitude of the input voltage remains essentially con- 
stant at the saturation value when the input-signal amphtude is made 
ereater than that which causes saturation. If detectors 2 and 3 were 
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Fic. 69. Block diagram of a linear-logarithmic amplifier. 


not present, the output voltage would be limited by saturation of the 
final i-f amplifier. Larger signals would cause an increased output from 
the next to last stage, however, and in Fig. 69 this increase is made to 
appear at the output by the addition of the detector 2 signal to the output 
of detector 1. Similarly, use of detector 3 causes the output to continue 
to increase after the next to last stage saturates. The gain becomes less 
as each stage saturates, and by proper choice of stage gains and points 
of saturation an approximately logarithmic over-all curve can be had. 
The number of parallel signal channels required depends upon the range 
of amplitudes over which the logarithmic characteristic is required to 
extend. 

The linear-logarithmic amplitude characteristic is particularly desir- 
able when clutter interferes with the discernment of echo pulses. Clutter 
may be considered to comprise an erratic variation wave not unlike 
fluctuation noise superposed on «pulse that begins at high amplitude and 
decreases in amplitude with increase of range. The fluctuating com- 
ponent obscures the signal in the same way as would a noise wave of 
great amplitude and thus limits the receiver amplification that may use- 
fully be employed. The clutter fluetuation is roughly proportional to 
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the total clutter amplitude, and therefore for constant fluctuation amph- 
tude at the receiver output, the amplification should be inversely propor- 
tional to the clutter amplitude. Exaetly this relation is provided by a 
logarithmic output-input curve. 

The random variations of fluetuation noise and clutter fluctuations are 
especially undesirable because of the extreme difficulty of detecting signal 
in the presence of such waveforms. Tlowever, if observations of signals 
received from a particular direction ean be made over an extended time 
interval, the diseernibility of signals amid noise or fluctuation-type 
interference can be greatly increased by an averaging process often called 
stgnal integration. The waveforms of received signals corresponding to 
many successive range sweeps are added point by pomt along the range 
traee. Any echo-pulse signals that may be present appear in each trace 
and are built up to many times the single-trace amplitude by the addi- 
tion. The fluetuation waveform, on the other hand, ts random and does 
not repeat from trace to trace. ‘Thus the fluctuation amplitude is not 
increased nearly so much as the pulse-signal amplitude in the addition 
process, and the amplitude of a discernible signal becomes smaller as the 
number of traces that are combined is incrersed. The increased dis- 
cernibility is obtained at the cost of a longer period of observation. 

Circuits for producing an addition of this kind can be made, but a 
simpler procedure, usually, is to perform the additions at the indicator 
screen. A plan-position indicator, for example, having a long-persistence 
sereen and used with a verv slowly rotating antenna develops at each 
point a brightness that depends upon the combined effects of many nearly 
identical range traces. Even when a Type A indicator with a short- 
persistence screen is employed, a considerable integrating effect Is 
obtained in the eve and mind of the observer. Devices to increase signal 
discernitbility by integration must add signals over a much longer time 
than does the eve if an appreciable improvement 1s to be obtained. A 
result of the signal-integration process 1s that the speed of rotation of the 
antenna. the antenna beamwidth, and the repetition rate of the set all 
have important effects upon signal discernibility. 


CHAPTER VII 


RADIO-FREQUENCY TRANSMISSION LINES 


The radar components discussed in the preceding chapters operate at 
frequencies below a few tens of megacycles per second and are treated for 
the most part as lwmped-parameter circutts, that 1s, as networks of vacuum 
tubes and resistance, capacitance, and inductance elements. The com- 
ponents that will be described in the remaining chapters—transmission 
lines, waveguides, resonators, and antennas—are d7stributed-parameter 
devices. The frequencies of operation are so high that the inductances of 
short lengths of conductor and the capacitances between short conductors 
and their surroundings cannot be neglected. These inductances and 
capacitances are distributed along the length of a conductor, and their 
effects intermingle at each point of the conductor. At frequencies so 
high that wavelength is comparable to the physical dimensions of appa- 
ratus, distributed parameters cannot be represented accurately by means 
of lumped-parameter equivalent circuits. Frequently, in such cireum- 
stances, an analysis that considers directly the electric and magnetic fields 
in the device is preferable to one based upon circuit concepts. Trans- 
mission lines form a convenient link between low-frequency circuit con- 
cepts and high-frequency field concepts, because they can be analyzed 
either in terms of voltage and current or in terms of electric and magnetic 
fields. 

The high-frequency radar components considered in the remaining 
chapters are discussed in terms of sinusoidal variations with time of 
Voltage and current or of electric and magnetic fields. Normally, the 
high-frequency sine waves in radar sets are modulated with an approni- 
mately rectangular envelope. Sine-wave analysis of lmear high-fre- 
quency devices is adequate even though modulated sine waves are 
applied, because, as explained in Art. + of Chap. VI, such waves may be 
divided into sinusvidal components of different frequencies and ampli- 
tudes. The frequencies of the several components lie in a band centered 
about the carrier frequency, the width of the band being only a very 
small fraction of the center frequency. 

The r-f transmission system of a radar set may employ either two- 
conductor lines or waveguides. Two-conductor lines are used in uhf sets 
and in some 10-cm sets, whereas waveguides are sometimes employed at 
10 cm and always at 3. and 1¢m. This chapter is limited to a discussion 
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of two-conductor lines; the subject. of waveguides ts presented m Chap. 
VIII. 

1. Types of Transmission Lines. The earliest radar systems operated 
at frequencies of the order of 100 Meps and employed transmission [mes 
consisting of two parallel tubular conductors of copper or brass supported 
at intervals by means of stand-off insulators. “The value of the charac- 
teristic resistance (Art. 2) of such lines ranges from 100 to 300 ohms. 
typical 200-ohm line, for example, consists of two %s-m. conductors 
spaced 2 in. between centers. Parallel-wire lines are balanced-to-ground 
devices: that is. in normal operation a positive voltage (relative to ground 
or a shielding enclosure for the line) at a point of one eonduetor is bal- 
aneed by an equal-magnitude negative voltage at the corresponding 
point of the other conductor. ‘These lines are therefore most con- 
veniently used with other balanced-to-ground devices such as push-pull 
vacuum-tube citeuits. Although a parallel-wire line is simple to build, 
‘ts use in radar is limited to sets operating below about 200 Meps. 
Above that frequency, power loss due to induction and radiation becomes 
excesslve. 

A more suitable line at higher frequencies is the coaxial line, composed 
of two concentric conductors separated by an insulating material. 
Because the electromagnetic field associated with a coaxial line 1s con- 
fined to the space between inner and outer conductors, neither induction 
nor radiation loss occurs. Coaxial lines have low attenuation even at 
very high frequencies and are used extensively at 3,000 Meps and all 
lower frequencies. ‘Their characteristic resistance is much lower than 
that of parallel-wire lines, being of the order of 50 to 70 ohms. Unlike 
a parallel-wire line, the coaxial line is unbalanced to ground and may 
therefore be connected directly to single-tube circuits. 

Coaxial lines for use in radar are constructed in both flexible and rigid 
forms. The inner conductor of a flexible cable 1s surrounded throughout 
its length by a flexible plastic material (polyethelene, for example). A 
braid of conducting material woven over the diclectrie serves as the 
outer conductor. A protective covering such as vinylite is usually 
placed over the conducting braid, and sometimes the entire cable is 
covered with a steel braid or armor. The armor provides additional 
mechanical strength without affecting the electrical characteristics of the 
cable. Constructional details of a coaxial cable are shown jie ale 
and physical and electrical characteristics of commonly used cables are 
given in Table 1, p. 544. 

At frequencies near 3,000 Meps, flexible coaxial cables have the dis- 
advantage that losses in the diclectric material become appreciable, 
especially in installations that require long cables. Many high-frequency 
systems therefore employ rigid coaxial lines with ar as the dielectric. 
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The rigid line consists of a tubular inner conductor supported concen- 
trically within a large outer conductor by means of either beads or quarter- 
ware stubs. 

A portion of a bead-supported line is drawn in Fig. 16. For operation 
in the uhf range, the beads are frequently ceramic, but in the microwave 
region they are more commonly made of polystyrene in order to reduce 
the dielectric loss in the beads. In the use of a bead-supported hne, care 
must be taken to avoid insulator breakdown because of excessively high 
voltages that. may be present in the line. (Even in low-power systems, 
very high voltages may occur if adjustments at the line terminations are 
incorrect.) Breakdown usually occurs at the beads because the intensity 
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Fic. 1. Types of coaxial lines. 


of the electric field is higher in the minute air spaces between beads and 
conductors than it is elsewhere. Dust and moisture on the surface of 
the beads may also provide a leakage path and thus cause breakdown. 
Polystyrene beads have the disadvantage that carbonization of the poly- 
styrene by the are occurring at breakdown is likely to cause a permanent 
fault and necessitate replacement of the bead. Another disadvantage of 
beads, particularly at microwave frequencies, is that they cause appreci- 
able reflection of the electromagnetic waves within the line. It is pDos- 
sible, however, to minimize the reflections by use of thin beads and by the 
use of undercut beads! or a strategic spacing of the beads along the line.’ 

A section of stub-sunported line is indicated in Fig. 1C. The stubs are 
short sections of shorted-end transmission lines in parallel with the main 
lime. The stub length is chosen so that an extremely high impedance is 
presented to the main Hne at the operating frequency (see Art. 3). The 
presence of the stubs therefore has negligible effect upon the performance 
of the main line. Stub-supported lines have very low attenuation 


‘ 


‘Tf the diameter of the inner conducior is decreased at the bead, the bead is said 
to be undercut. See R. W. Carnes, “A Coaxial-line Support for 0 to 4000 Meps,” 
TOC). 37 (January, 1949), 94-97, 

2G. L. Racan, Microwave Transmission Circuits, 155-170 (MeGraw-Hill Book 
Company, Inc., New York. 1948). 
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because of the absence of dielectric material. Their use is generally 
limited to microwave frequencies, however, because at lower frequencies 
the lines become unwieldy owing to the excessive stub lengths required. 
Further details of stub supports are discussed in Art. 5 of Chap. ATT. 

2. Traveling Waves. In Art. 22 of Chap. IT, it is shown that, when a 
battery of voltage HZ is suddenly connected to an uncharged lossless trans- 
mission line, the voltage between conductors does not Jump instantly to a 
voltage at all parts of the line. Instead, the input-terminal voltage 
rises tnstanthy to H, and a steep voltage wavefront of magnitude / travels 
from the battery toward the far end of the line. If the inductance and 
capacitance distributed along a unit length of tne are represented by / and 
c, respectively, the wavefront travels at a speed — 


y= — (1) 


7] — 
\/ le 


and reaches a point remote from the battery after a time interval propor- 
tional to the distance between the battery and the point. For usual line 
lengths, the time interval is exceedingly short because, as explained in 
Chap. I, the’speed of propagation ts of the same order of magnitude as 
the speed of light. 

The voltage wavefront is accompanied by a similar wavefront of cur- 
rent. Both travel in step. and at any point of the linc, the voltage 
between conductors at any instant is a constant times the current in the 
conductors. This constant. called the characteristic resistance /t., is a 
property of the transmission line and is given by the relation 

f 2 

In the r-f components of radar systems, sine-wave generators rather 
than batteries are connected to transmission lines and sine waves instead 
of step waves travel along the lines. A fact of fundamental importance 
is that a wave of any shape is propagated without change of shape or 
magnitude along a uniform lossless linc at a speed given by Eq. 1. The 
voltage wave is always accompanied by a current wave of similar shape, 
and at a given instant the ratio /, of the amplitudes of the two waves at 
any point has the value indicated by Eq. 2. The behavior of umform 
lossless lines is the subject of most of this chapter; the effects of small 
losses are considered in Arts. ‘13 and 14. 

That any form of wave can be propagated by a transmission line may 
be shown in one way by representing an arbitrary wave shape, such as the 
voltage wave of Fig. 2, as the sum of many properly located step waves of 
small amplitude. Because the line Is a linear system, each step wave of 


R= 
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voltage may be considered separately. All component step waves travel 
with the same velocity (specified by Eq. 1) and maintain constant ampli- 
tude. The component waves 
therefore travel as a unit, and 
their sum 1s a voltage wave that 
maintains constant shape and 
amplitude as it moves along. 
Thus the wave that the small step 
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current waves in this diagram are 
assumed to move away from the input terminals of the line with constant 
velocity and without change of 
shape or amplitude. The velocity 
of the waves is called v, the distance 
of a point P from the input termi- 
nals is s, and the voltage and cur- 
rent at ? for any instant of time ¢ 
are called e and 7. 

Let O" be a moving origin that 
travels with the same velocity as 
the wave, and let z be a distance 
along the line, measured to the left 
from the moving origin. The 
Shapes of the traveling waves of 
voltage and current may then be 
specified by writing e and 7 as func- 
tions of z, thus: 
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€e = e(z) and — 7) 
1 —z oO s— 
ff in Fig. 3 the moving origin O’ (B) TRAVELING WAVES 


comcides at time é = O with O) the ¥ ac. 3. Voltage and current waves of 
fixed origin of s, then the distance: ee shape on a lossless transmission 
OO’ is vt and z is equal to rt — s. | 

Thus the expressions for voltage and current become 
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e =se(at — s) (3) 
; = iG — s) (4) 


Equations 3 and 4 may be thought of as a mathematical way of stating 
that waves of e and 7 travel at velocity « without change of shape or 
amplitude. Equation 3, for example, mdicates that, if the voltage dis- 
tribution on the line is examined at time é and again at time é; + Ad, the 
two distributions are identical except for a shift in position of the pattern 
by the amount vf. This statement is true because, according to lq. 3, 
changing ¢ by the amount Af and simultaneously changing s by the 
amount vAt does not alter e, beeause the change leaves tf — 8 unchanged. 

Let As in Fig. 3 be an increment of line length so short that the slope of 
the curve of ¢ as a function of s is essentially constant throughout the 
inerement. The change of e over the length of the increment is therefore 
approximately 

Ae = i As 
Os 

where the partial derivative dc ‘ds is used to indicate the rate of change of 
e with «for a constant value of ¢. The voltage difference Ac is the result 
of a changing current in the series inductance of the incremental length of 
line. If lis the inductance per unit length of the line, /Asis the inductance 


of the incremental length As, and 
Ou 
NC SAS 
Ol 
The minus sign is introduced because, for the reference directions of ¢ 
and 7 indicated in Fig. 3, Ae is negative when 7 is increasing. Combining 


the two expressions for Ae yields 


de _ 7, 2% 


ee 6) 


In a similar way the current change in the distance As can be expressed 
as (d1/ds)As or as —(cAs)de/dt, where ¢ is the capacitance per unit length 
of line, and thus 

= oo (6 
OS Ol 

Equations 5 and 6 are the partial differential equations for waves on a 
lossless transmission line. From them, the velocity of the waves and the 
ratio of e to 7 can be determined simply if the partial derivatives with 
respect to s and ¢ are first replaced by total derivatives with respect to 2. 
From Fig. 3, it is evident that 


ee ae nd a 
ds dz - Os dz 
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Also, because the waveforms of e and 7 are moving past point P with 
velocity v and without change of shape, the time rates at which e and 7 
change are equal to the slopes of the e(z) and 7(z) curves multiplied by v; 
that 1s, 

de de Or it 


ae ae and ap. ae 


By means of these relations, Eqs. 5 and 6 are changed to 


de dt = 
ne = ly ae (7) 
da de 

aS = CU om (8) 


From the product of Eqs. 7 and 8, the value 1/+/le for v is obtained, and 
from the quotient of the equations the relation de = \/l/c di is obtained. 


Integration yields 
a 
e = A a AON ISIE 


and thus R. = +/I/c, the constant of integration being zero if the line is 
mitially uncharged. 

Because sine waves are of special interest in high-frequency systems, 
the general function e(vt — s) in Eq. 3 may be replaced by the sine 
function 

e = h,, sin B(vt — s) (9) 


where £,, is the peak value of the sine wave of voltage and 6 is a scale 
factor for the axis of z or vf — s and determines the extent to which the 
sine wave 1s spread out along the line. Equation 9 may be written as 


e = £,, sin (Bvt — Bs) 


In this form Bv is seen to specify the tame rate of change of phase of the 
sine wave for fixed values of s, and thus bv equals the angular frequency 
w of the sine wave; that 1s, 


Bv = w = 2nf (10) 


Similarly, 8 specifies the rate of change of phase with distance for fixed 
values of ¢ and is called the phase constant of the wave. The period of the 
wave 7’ 1s the tame required for the phase to change through | cycle or 2z 
radians, and thus wT = 2rr. Similarly, the wavelength d is the distance in 
Which the phase changes by 27 radians, or BA = 2m, and 


20 


\ 
6 


(11) 
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Combining Eqs. 10 and 11 yields the relation given in Chap. I (Iéq. 8, p. 
ae). 
v= pr (12) 
Rewriting Eq. 9 in terms of w and 8 and writing also the equation for 
the corresponding current wave vield 


e= Kk, sm (wt — Bs) (13) 
im @. 
‘= R sin (wi — Bs) (14) 


This pair of equations will be used as the baste expressions for sinusoidal 
traveling waves of voltage and current on a lossless {ransmisston line. 


\ 
S ——_» 













Re | 
(50 OHMS) 


Cg 
2100 sinI2 yr x10%t 






—— ) —— 





——— | 
a | METER —— eee 


(A) CIRCUIT DIAGRAM 


s iN METERS 
s IN WAVELENGTHS 
Bs tN OE€GREES 








s IN METERS 
2.0 s IN WAVELENGTHS 
720° Bs IN OEGREES 





(B) TRAVELING WAVES 
Fig. 4. Traveling sine waves of voltage and current on a lossless transmission line. 


As an example of sinusoidal voltage and current relations on a lossless 
line, consider in Fig. 44 that a voltage of the form eg = 100 sin 12% X 10° 
(peak value of 100 volts and frequency of 600 Meps) is applied through 
switch S to an infinitely long lossless line, and assume that the character- 
‘stic resistance of the line is 50 ohms. At the instant the switch is closed, 
a sinusoidal voltage wave having a peak value of 100 volts travels away 
from the input terminals. In phase with this wave is a current wave of 


peak value 
Hn EE a 9 mn 
R, oOs 
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If the waves are assumed to be traveling at the speed of light (8 K 108m 
per sec), the phase constant 1s 


wo. 2 el? 


B= = ye 47 radians per m 


and the wavelength \ is 27/68 = 0.5m. Thus 2 cycles of the waves occur 
in the I-m section as shown in Fig. +5. The relations for voltage and 
current at any distance s from the input terminals may be written from 
Eqs. 13 and 14 as . 

100 sin (127 X& 108¢ — 47s) 

2sm (127 & 108 — 4s) 


oo. O 
ll df 


Actual lmes, of course, are not infinite in length, as assumed in the 
example of Fig. 4, but rather extend a definite distance from the generator 
toaload. If the impedance of the load is the characteristic resistance of 
the line, the load has the same effect upon the line as would an additional 
line section of infinite length. Thus voltages and currents in the actual 
line are the same as those in the initial portion of an infinite line. If the 
load has a different impedance, reflections occur at the load terminals, and 
the effects obtained depend upon load impedance in relation to the charac- 
teristic resistance and upon the line length in relation to a wavelength. 
The effects of different types of loads are discussed in Arts. 3 through 6. 
The length of a line in relation to the wavelength is called the electrical 
length of the line and depends upon the physical length and the frequency 
of operation. In the example of Fig. 4, the electrical length of the l-m 
line section at a frequency of 600 Meps is two wavelengths, 720 deg, or 4r 
radians. 

In the study of transmission lines, complex numbers are frequently 
used to represent rms values and phase angles of sinusoidal functions of 
time in the same way as in the analysis of other electric circuits (see Arts. 
9 and 6, Chap. VI). For example, in Fig. 5 the generator voltage e, of 
peak value 100 volts may be taken as the reference wave and represented 
by the complex number 

100 


E, = 
d \/2 


(0 = 70.7679 





At a point 90 electrical degrees from the input terminals, the voltage wave 
has the same amplitude as 2, but is delayed 90 deg in phase and is repre- 
sented by the complex number 70.7779. Complex numbers standing for 
voltage and current at quarter-wave intervals along the Ime are indicated 
graphically in Fig. 5B. | 

In more general terms, the complex-number relation between the volt- 
age of a traveling wave at any point of a lossless transmission line and the 
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voltage at the input terminals 1s 


= Ege ?s G3) 
and the current relation is 
i |. 
I — Pr e—7B8 (16) 
Ve 


where #2 and J are complex numbers representing the voltage and current 
ata distanee s from the input terminals of the line and Mg and /¢@ are the 
values of H and / at the input terminals (where s = 0). Hquations 15 
and 16 are the complex-number expressions fora traveling wave of voltage 
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Fic. 5. Complex-number diagrams representing voltage aud current along a lossless line 
terminated in its characteristic resistance. 


and current that contain the same information about the phase and 
amplitude of the waves as do the time-function expressions of Eqs. 13 
and 14. 

8 Lines Terminated in a Short Circuit. When a line is terminated in 
an impedance different from F,, the voltage and current on the line are no 
longer the result of a single wave traveling from generator to load. 
Instead, the total voltage and current are the sum of two waves traveling 
in opposite directions. 

As an example, consider the diagram of Fig. 6A in which a sine-wave 
generator with an internal resistance /?, 1s connected through switch S to 
a line terminated in a short circuit. The behavior of the line after the 
switch is closed is similar to that of a shorted-end line with a direct voltage 
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(A) CIRCUIT DIAGRAM 





(0) STANDING WAVES 
hie. 6. Voltage and current waves on a shorted-end line. 


apphed (see Art. 24, Chap. IL), except, of course, that sinusoidal waves of 
voltage and current instead of step waves travel along the line. Closing 
the switch causes in-phase waves of voltage and current to travel to the 
short circuit. In order that the valtage at the short circuit may be zero 
at all times, the voltage reflected-at ‘the short circuit must be equal in 
magnitude to the incident voltage, but reversed in polarity. As the 
reflected voltage wave moves toward the input terminals, it is accom- 
panied by a reflected current wave. the ratio of magnitudes being R,. 
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Because the generator is assumed to have au internal resistance /,, the 
line behaves with respect to the reflected waves exactly like a hne termi- 
nated in its charaeteristic resistance. Steady-state conditions are there- 
fore reached upon arrival of the reflected waves at the input terminals. 
The ineident and reflected waves of voltage are drawn for a particular 
mstant in Fig. 6B, and the corresponding waves of current are illustrated 
in Fig. 6C. 

In Figs. 6B and C, plus-sign superscripts are used to denote quaiutities 
associated with waves traveling toward the load, aud minus-sign super- 
scripts refer to quantities associated with waves traveling away from the 
load. Thus Et and F£,,7 in Fig. 6B are, respectively, the peak values of 
the incident and refleeted voltage waves, the values of #,,/ and 7,7 beimg 
equal. Similarly m Fig. 6C, the peak values of the current waves are 
E+ = B,t/Reand 1-7 = Ew Pit. The qurtent of the reflected wave 
would be in phase with the voltage of the reflected wave if the reference 
direction for the reflected-wave current in the upper conductor were 
taken toward the generator. However, the reference direction indicated 
in Fig. 6.4 is used for all current components; therefore the polarity of the 
reflected current wave is reversed with respect to the reflected voltage 
wave, and the two current components are in phase at the short circuit. 

The total voltage at any point of the line, which is the sum of the two 
voltage waves in Fig. 6B, varies as the component waves move in opposite 
directions along the line. At time 4. an instant shghtly later than that 
for which Fig. 6B is drawn, the peak of the incident voltage wave 1s at 
the short circuit, and the component voltages have equal magnitudes and 
opposite polarities at each point of the line. Thus the total voltage 1s 
everywhere zero, as indicated by the line marked ¢, in Fig. 6D. At other 
‘nstants cancellation of the component waves does not occur. For 
example, at time fe, a quarter period later than time &, a zero of the com- 
ponent waves in Fig. 65 1s at the short circuit, and the total voltage 
(marked ¢2 in Fig. 6D) is asime wave of twice the amplitude of either com- 
ponent wave. At time és, a quarter period after ¢, cancellation Is again 
obtained; and another quarter period later, at time &, a double-amplhitude 
voltage wave of polarity opposite to that for time ¢2 1s obtained. 

The total-voltage pattern of Fig. 6D 1s called a standing wave. By 
performing additions at times intermediate to the quarter-period instants, 
it may be shown that the total voltage has a sine-wave distribution along 
the line, with zeros at the short circuit and at half-wave intervals from the 
short circuit. The amplitude and polarity of this sine wave varies as the 
voltage at each point changes sinusoidally with time. The points of zero 
voltage are called voltage nodes (or nodal points), and the points of maxi- 
mum voltage midway between the nodes are antinodes. 

Point-by-point additions of the component current waves in Fig. 6C 
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may be made in similar fashion. ‘The total-current pattern obtained is 
the standing wave indicated in Fig. 6D. The current standing wave 
differs from the voltage standing wave only in position along the line—the 
nodes of the current wave occur at odd quarter-wave distances from the 
SMOrtecn cult, 

The addition of the incident and reflected waves to form a standing 
wave may also be performed with the aid of complex numbers. For the 
shorted-end line of Fig. 7A, let #i* and E,~ be complex numbers repre- 
senting the voltage of the incident and reflected waves at the short circuit. 
Because the total voltage at the short circuit must be zero, Ez7 is equal to 
—,*. Let #* and E7~ represent the incident-wave and reflected-wave 
voltages at point P located a distance s from the short circuit. In travel- 
ing from point P to the short circuit, the incident wave suffers a phase 
delay 6s; in returning to point P, the reflected wave is delayed an equal 
amount. Thus #+ = E,+e®* and E- = E,-e-#®*. The total voltage at 
point P is therefore 


h= k++ E- = E, te + Ey -e-6s = EB ,* (eee re ena) 
or, because sin Bs = (¢#* — ibs) /27 
hk = j2E,* sin Bs (17) 


Equation 17 indicates that |Z], the rms value of the line voltage, is pro- 
portional to the magnitude of sin Bs. Thus the plot of |E|in Fie. 7B takes 
the form of a series of half cycles of sine waves, the zeros of the pattern 
occurring at the nodes of the standing wave of voltage. The phase of the 
line voltage FE relative to the phase of E+ is also indicated Dye i In 
the half-wave interval adjacent to the short circuit, H leads E,* by 90 deg 
because of the operator 7. The phase of E changes abruptly by 180 deg 
at each of the nodal points because of the change of sign of sin Bs in Eq. 
17. ‘Thus the phase variations of E are as indicated by the solid line in 
ie fC. 

The addition made in obtaining Eq. 17 is presented graphically by the 
complex-number diagrams comprising the upper half of Fig.7D. V oltage 
i,* is used as a reference voltage in these diagrams. Observe that in 
each diagram the horizontal components of #* and E- cancel, so that EZ 
always lags or leads E+ by 90 deg, and || changes from zero to 2|E,+| as 
&* and E~ change from horizontal to vertical positions in the diagrams. 

In Figs. 7B and C, magnitude and phase curves for the standing wave 
of current are shown by dashed ines, And complex-number diagrams from 
which these curves may be derived are included in Fig. 7D. Alterna- 
tively, the curves may be plotted from an equation analogous to ead if 
If /* and J~ are the complex numbers representing current components 
at any point of the line and J,+ and [,— the values of J+ and I~ at the 
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(D) COMPLEX-NUMBER DIAGRAMS 
Fic. 7. Variations in the magnitude and phase of voltage and current on a shorted-end 
hine. 


short circuit, then I+ = I,teie, J- = I,~e*, and Iz* = 1,7. Thus the 
total current J is 

P= t+ = [yt 4+ «8*) = 21,* cos Bs 
or 





+ 
a7 = cos Bs (18) 
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Very important in the use of transmission lines is the input impedance 
of a section of line. Input impedance is defined as the ratio of the com- 
plex numbers representing total voltage and total current at the input 
terminals of the section. If the line is lossless, the impedance magnitude 
may have any value between zero and infinity (depending upon the 
nature of the load impedance and the length of the line), and the imped- 
ance angle may have any value between +90 and —90 deg. Thus the 
input impedance of a lossless section of line may be a pure resistance, a 
pure reactance, or a combination of both. . 

The general nature of the input impedance of a section of shorted-end 
line may be determined from Fig. 7C. Because of the 90-deg phase rela- 
tion between voltage and current, the input impedance is purely reactive. 
For line lengths less than a quarter wavelength, / lags fy, and the react- 
ance 1s inductive. For line lengths between a quarter and a half wave- 
length, / leads # and the reactance is capacitive. The cvcle of values is 
repeated in each succeeding half-wave interval. 

A relation for the input impedance Z of a shorted-end line as a function 
of line length may be obtained by taking the ratio of E to J in Eqs. 17 and 
18. Thus 

S i 

Le = a IR. tan Bs (19) 
The purely reactive nature of the input impedance is indicated by the 
presence of only an imaginary component in the complex input-imped- 
ance expression of Eq. 19. The magnitude of the reactance depends upon 
the characteristic resistance of the line and varies with line length in the 
manner of a tangent function. Reactance magnitudes of various line 
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lengths are shown a in ig. 8A. Observe that because Z is a 
periodic function of Bs, the period being 180 deg, a change in line leneth 
of any integral number of half wavelengths has no effect upon the input 
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impedance. [tis also important to note that, because the phase constant 
3 is proportional to frequeney, the input-impedance variations of Tig. SA 
may be obtained either by varying the frequency of the voltage apphed 
to a fixed length of line or by varying the physical length of the ine ata 
fixed frequency. 

The input admittance of a section of line is the reciprocal of the mput 
impedance and for a shorted-end line is given by the expresston 

» % | - 

) = a incu: = —yr, cot ps (20) 
where G. = 1/R, is the characteristic conductance of the line. Phe input 
admittance is therefore a suseeptance which varies with line length im the 
manner of a cotangent function. Variations in mput susceptance with 
line length are represented graphically in Vig. SB. 

4. Lines Terminated in an Open Circuit and in a Reactance. The 
voltage and current distribution along an open-end hne may be deduced 
4 much the same manner as for the shorted-end line, the only difference 
being that, at the open end, the phase relations of the incident and 
reflected waves are such as to make the current. rather than the voltage 
zero. A quicker method is to consider that the line of Fig. 6A 1s com- 
posed of two sections joined at pomt P. Vf the section to the right of P is 
a quarter wave in length, 1ts mput impedance is infinite and no current 
flows at the junction of the two sections. Hence, cutting the conductors 
at P has no effect on the voltage and current along the line to the left of 
P, and the effect of an open-circuit termination may be obtained by 
removing the quarter-wave section. The standing-wave patterns of 
voltage and current for the open-end section may therefore be derived 
directly from those of Fig. 6D by moving the origin a quarter wavelength 
to the left. The resultant voltage and current patterns for the open-end 
line of Fig. 9A are shown in Fig. 9B. 

The complex-number diagrams at the quarter-wave point of the 
shorted-end line in Fig. 7 also represent voltage and eurrent relations at 
the end of the open line. If #.+ and E,~ represent the incident and 
reflected voltage waves at the open circut, the total voltage & at any 
point of the hne 1s 

= By teb: -- Bye 


where s is the distance of the point from the open end, or because 
@ = bo at the Open cireule 

b= 2H 7C0s7pS OG, 
Similarly, the current at any distance from the open circuit 1s 


if =S lyre £ ier 
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At. the open cireuit 


Y 
L- = -i,t=={ _ 
j Ir. 
and therefore 
nul tw 
= jp SIN Bs (22) 
on 


Variations in the magnitude and phase of / and / along the line are 
plotted in igs. 9C and D. 

The manner in which the put impedance of an open-end section of line 
varies with the length of the section may be obtamed from the impedance 
eurve of the shorted-end line (ig. 8-1) by transferring the origin to the 
point Bs = 90°. Thus for the open line the input reactance 1s capacitive 
for lengths less than a quarter wave and inductive for lengths between a 
quarter wave and a half wave. Dividing Iq. 21 by laq. 22 gives as the 
input-impedance relation for the open-end line 


LZ = —jlt, cot Bs (23) 
The corresponding input admittance relation ts 


Y = >= = jG, tan Bs (24) 


NI = 


The effect. on the standing-wave pattern of terminating a line in a pure 
reactance mav also be determined from the shorted-end line. For 
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Fic. 10. Standing-wave patterns for lines terminated mm a reactance. 


example, if point P in Fig. 10A is less than a quarter wave from the short 
circuit, the input impedance of the line section to the mght of P Is an 
inductive reactance. Therefore, an inductor of equal reactance may be 
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substituted for the shorted-end section without changing the voltage and 
current values on the rest of the line. ‘The standing-wave patterns for 
the lines of Figs. 106 and C are obtained im this fashion, and the remain- 
Ing parts of Fig. 10 are obtained in a similar way for positions of point P 
In Fig. 10A farther from the short circuit. The open-circuit termination 
of Fig. 10D apphes for ? a quarter wave from the short circuit, and the 
capacitive terminations of Figs. lO# and F correspond to a position of P 
more than a quarter wave but less than a half wave from the short circuit. 

Observe that the inductive or capacitive terminating reactances of 
Fig. 10 can be considered equivalent. to an additional line section of fixed 
length at only a single frequency. ‘The variation of reactance with fre- 
quency for a transmission-line section is different from the reactance- 
frequency curve of a lumped-parameter element. Although the standing- 
wave patterns on the line of Fig. 108 and the line section to the left of 
point P in Fig. 1OA may be alike at one frequency, the patterns change 
in a different manner when the frequency is changed. 

5. Lines Terminated in a Resistance. The behavior of traveling step 
waves of voltage on a lossless line terminated in a resistance is discussed 
in Art. 24, Chap. I]. The incident wave is reflected at the load resistance 
with an amplitude and polarity determined by the value of the load 
resistance ft, relative to R., the characteristic resistance of the line. The 
ratio of the reflected voltage wave to the incident voltage at the load is 
given by the load reflection coefficient 


r, Linares 


po [a (25) 


Because a wave of any shape can be approximated by the sum of many 
small step waves, as in Art. 2 (see Fig. 2, p. 472), the reflection coefficient 
can be apphed to determine instantaneous values of waves reflected from 
a resistance no matter what the shape of the incident wave. In par- 
ticular, for an incident sine wave, calculation of instantaneous values 
shows that the reflected wave is also sinusoidal and of an amplitude 
related to the amplitude of the incident wave by the magnitude of Ty. 
At the load, the reflected wave is in phase with the incident wave if I, is 
positive (/, greater than R,) or 180 deg out of phase if I, is negative 
(fi, less than R,). In terms of complex numbers, the relation is 

E,- 


E,t+ = | (26) 


where #,~ and E,+ are complex nuimbers representing, respectively, the 
incident and reflected waves-of voltage at the load and I, may be con- 
sidered to be a complex number having an amplitude between zero and 
unity and a phase angle of zero or 180 deg. 
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As an example of the way in which voltage and current relations on a 
line depend on [,, consider the circuit of Pig. ILA. A generator of 
internal resistance R. applies a sine wave of voltage to the line, which Is 
terminated by a resistance R; = 3Rh.. Because the line faces its charac- 
teristic resistance at the generator, steady-state conditions are reached 
after one round trip of the initial traveling waves. Voltage relations at 
the load in the stendy state are illustrated by the upper-right complex- 
number diagram of Fig. 11B. The incident voltage wave at the load 
(represented by /,+) is taken as the reference wave. The line marked 
E,- is drawn in phase with + and with half the amphtude of 7%, 
because for he ¥alue Of i; assumen, Pr, = 0.5. The total load voltage 
‘s the sum of the incident and reflected voltages aud ts therefore [aes 

The corresponding diagram for load current is also shown in Jig. Lib. 
The incident- and reflected-current: components are obtamed from the 
relations [,+ = £,+/R, and 


a i . ign 
L oa an = tae a 
iy ie 


The total current at the load is the sum of J;* and /,7 and 1s therefore 
0.5E,+/R.. Observe that the ratio £,//, 1s 3h. as it must be because of 
the value assumed for fv. 

At a distance s from the load terminals, the incident voltage and cur- 
rent waves are advanced in phase through an angle Bs and the reflected 
waves are retarded through an equal angle. Incident and reflected waves 
of voltage and current, as well as the total voltage and current, are repre- 
sented for several points of the line by the complex-number diagrams of 
Fig. 11B. The magnitude and phase variations of total voltage and 
current are plotted in Figs. 11C and D. Values for plotting these curves 
may be obtained from the complex-number diagrams or, analytically, by 
adding the complex-number expressions for the incident and reflected 
voltage at each point of the hne. Observe that, although the magnitude 
of the total voltage varies with position on the line, the variations are not 
so great as with total reflection (F ig. 9C, for example), because the 
reflected wave is smaller than the incident wave. The phase variation 
is intermediate to the phase variation indicated in Fig. 9D and to the 
uniform change of phase with distance associated with a single traveling 
wave. 

The curves of Fig. 12 are drawn to show the effect on the standing-wave 
pattern of change in the load resistance. Figures 12A and B apply for 
values of R, greater than R, and show that, as R, is made more nearly 
equal to R., the position of the pattern is unchanged but the peaks and 
troughs become less pronounced; that is, the magnitude of the total 
voltage at each point of the line becomes more nearly that of the incident- 
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voltage wave. Exact equality is reached for a value of /, equal to /, 
(see Fig. 120). Making f, less than A. causes an interchange m the 
positions of peaks and troughs, as indicated m Nig. 2D. As P, decreases, 
the variations of voltage become greater until for Rk; = 0 (ng. I2/¢) the 
pattern for a shorted-end line described in Art. 6 is obtained, 
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Fic. 12. Standing-wave patterns for lines terminated in a resistance. 


A quantity which describes the amount of variation of the rms voltage 
is the standing-wavre ratio. It is denoted by the symbol p and is defined as 
the ratio of the maximum rms voltage to the minimum rms voltage on the 
line. If these voltages are designated as |H\max and |E|min, Tespectively, 
the standing-wave ratio p 1s 


ie a 
a 2/ 
p eae ( ) 





The standing-wave patterns of Fig. 12 indicate that hnes having the 
same magnitude of load reflection coefficient have equal values of stand- 
ing-wave ratio. If |P,| = 1, for example, corresponding to an open- or 
short-circuit termination, |E|min is zero and the standing-wave ratio Is 
infinity. If |T.| = 0.5, corresponding to load resistances of Di eOr Ooms, 
the value of » is 1.58,7/0.5E,+, or 3. If fi = We, the reflection coefh- 
cient is zero and p = 1, because the voltage is uniform over the line. As 
IC,| is varied from 0 to I, therefore, p varies between | and infinity. 

The relation between p and |I,,| may be derived from the complex- 
number diagrams of Fig. 118 by noting that maximum voltage occurs at 
points where the incident and reflected waves are in phaseand minimum 
voltage occurs where the two waves are in phase opposition. At a 
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maximum-voltage point 


E\inx = [Bit] + [1] [#.+ 


= |H,*|(1 + |Tz)) (28) 








and at a minimum-voltage point 
Elvin = [But] — Pz] [22+ 


ala) (29) 
Dividing Eq. 28 by Eq. 29 gives 
lees el 
ae () 


In the measurement of standing-wave ratio, readings proportional to 
the square of voltage are sometimes obtained, and the ratio of such read- 
ings 1s called the power standing-wave ratio. In this book, standing-wave 
ratio always refers to the voltage standing-wave ratio p rather than to the 
power ratio p?. 

6. Lines Terminated in a Complex Impedance. Waves of voltage and 
current that result when sinusoidal traveling waves on a transmission line 
are reflected from a linear terminating tmpedance are sinusoidal in form 
and have a phase and amplitude determined by the incident waves and 
the impedance causing the reflection. In Art. 4, the reflected wave is 
shown to have the same amplitude as the incident wave if the impedance 
is areactance. In Art. 5, the reflected wave is found to have a smaller 
amplitude and to have, at the load, a phase angle of zero or 180 deg with 
respect to the incident wave if the impedance is a resistance. In this 
article, a complex load impedance is considered, and it is shown that 
(depending upon the value of the Impedance) the reflected wave may 
have any amplitude not greater than that of the incident wave and any 
phase relative to the incident wave. The phase and amplitude relations 
between reflected and incident waves at the load are expressed by the 
complex-number reflection coefficient l, = &,-/E,*, the value of I, 
being determined by the requirement that the total load voltage be the 
product of the total load current and the load impedance. 

The relation between load impedance and reflection coefficient may 
first be illustrated by an example in which the value of the reflection 
coefhicient is given and the corresponding load-impedance value is to be 
calculated. In Fig. 134 a line connected to a sine-wave generator of 
internal impedance FR, is terminated in an impedance Z, that provides a 
load reflection coefficient [, equal to 0.56". The upper right-hand 
diagram of Fig. 13B relates the. incident and reflected components of 
voltage at the load during steady-state operation, the reflected voltage 
a being drawn 60 deg ahead of H,+ in phase and with half the 
amplitude of Z,+. The sum of the complex numbers H+ and E,~ yields 
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the total load voltage 


HE, = Bet + 05E,te" = E,+(1 + 0.5 cos 60° + 70.95 sin 60°) 
See ae 


Similarly, the lower right-hand diagram of Fig. 135 presents the current 
relations, and the total load current 1s 


I, = [1+ — 0.52 +e = a ae — 0.5 cos 60° — 70.5 sin 60°) 


_ ty —j30° 
= ().866 id € 
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The load impedance that produces the assumed value of reflection coeffi- 
cient is therefore 

Ga 7 = sane PP g719.1°+30) = 1 537 ¢f49.1° 
For a 50-ohm line, Z; has the value 50 + 757.8 ohms. 

The procedure for determining the remaining diagrams of Fig. 13B is 
the same as that used with the resistance load of F ig. LIB. Ata distance 
s from the load, the incident-wave components of voltage and current are 
advanced in phase by an angle Bs, the reflected-wave components are 
retarded by the same angle, and total voltage and current are determined 
by adding the incident and reflected components. Data for plotting the 
curves of voltage and current magnitude in Fig. 13C are obtained from 
these diagrams or from the corresponding complex-number expressions. 

Observe that the curves of |E| and {Z| in Fig. 13C differ from the cor- 
responding curves of Fig. 11C only by a shift of position along the axis of 
Bs. ‘The reason for the similar shapes is that I[',| 1s the same for both 
figures. In general, the shape of a standing-wave pattern depends wpon the 
magnitude of the load reflection coefficient, and the position of the pattern 
along the line depends wpon the angle of the load reflection coefficient. 

This statement is true because, as may be observed in the construction 
of the diagrams of Fig. 135, a change in the angle of [, may be com- 
pensated by the angle associated with a shift in position along the line. 
Consider the ratio of the voltage of the reflected wave E- to the voltage 
of the incident wave Et at any pomt along the line: 


oa Hp-@7i8s 
i+ Ki, tebs 





= T67778s 





If PT, 1s written in terms of its magnitude |I’;,| and phase angle Y, 


a 
ay = [Pile = [Py fee—a99 (31) 

The standing-wave pattern depends upon the relation of E- to E+ at 
each point of the line. Equation 31 shows that a change of W is equiv- 
alent to changing the value of s associated with each value of the ratio 
~/E* and thus to a shift of the pattern along the line. The component 
voltages E~ and Et are in phase when y — 28s = 0, that 1s, At an angular 
distance Bs = W/2 from the load. At this point and at half-wave inter- 
vals from it, the total Voltage of the standing-wave pattern 1s & maximum. 
The magnitude of P, is shown by Eq. 31 to control the shape of the 
Standing-wave pattern. As | changes from unity to zero, the pattern 
changes shape in the manner illustrated by Figs. 124, B,andC. Because 
the shape of the pattern is independent of the angle of I',, the relation 
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between the standing-wave ratio p and |I',| specified by Iq. 30 is correct, 
for any complex value of terminating impedance (although derived in 
Art. 5 for a resistance load). 

7. Graphical Determination of Reflection Coefficient. Beenuse of the 
simple relation between reflection coefheient at the load and the standing- 
wave pattern, a problem of importance in connection with transmission 
lines ts the determination of reflection coefficient when the load impedance 
Is given, and vice versa. A general relation can be obtained by dividing 
the load voltage (expressed in terms of incident-wave and reflected-wave 
components) by the load current (also expressed mn terms of components). 
Thus 





i, ae ey alae 
ZL = -l(<it Wis 7 —-_— ra = in ee 
ly, alee eo [ame Ts. 
or 
| ee 
2 mee | - = (32) 
Fig 
where z, is the per-wit load impedance z, = Z4,/R,. Equation 32 per- 


mits a direct calculation of load impedance when the value of reflection 
coefficient and R, are known. ‘The inverse calculation 1s most readily 
performed with the aid of the following equation, which is obtained by 
solving Eq. 32 for Tz: 
all 
Mh = oq (33) 

Although use of Eqs. 32 and 33 is not difficult, the relationship between 
[, and z, 1s of such importance in transmission-line calculations that 
several graphical methods of representing the relation have been devised. 
In one form of representation, illustrated by Fig. 14, the per-unit imped- 
ance 1S expressed in terms of its real and imaginary components as 
2p = rp + 7xz, and loci of constant per-unit resistance (r,) and constant 
per-unit reactance (v,) are plotted in the T, plane. In Mg. 14A, the 
horizontal and vertical lines form a rectangular-coordinate system for 
plotting the complex reflection coefficient [', = y, + 7y,; The solid-line 
circles are loci of constant rz, and the dashed-line circles are loci of con- 
stant v,. The real and imaginary components of I’, that correspond to a 
particular value of load impedance may therefore be read from the chart 
at the intersection of the proper r, and vy, circles. 

Suppose, for example, that the load impedance of the 50-ohm line of 
Fig. 134A is known to be 50 + 757.8 ohms. ‘The per-unit load impedance 
z, = 1.0 + 71.16 is located at point A in Fig. 14A at the intersection of 
the r, = 1.0 circle and the x, = 1.16 cirele. The corresponding value of 
T, read from the chart is 0.25 + 70.433 or, in exponential form, 0.5€°. 

That the loci of constant per-unit resistance and reactance are the 
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circles drawn in Fig. 144 may be shown by first expressing Eq. 32 in the 
form 


- a Ale Seay eae 
a te 


and then rationalizing the fraction to obtain 
. l ae 1." a vie q2Y i 

r ty = aoe ET Te 34 

“ T J (1 oot vee = Vi2 (1 a ay ae = aye ( ) 
In order for the two complex numbers of Eq. 34 to be equal, the real 
components must be equal and the imaginary components must be equal. 
Equating the real components and completing the square of the terms 
involving y, leads to the expression 


Tr ° pee 1 : a 
€ - tH) ae ( ale =) (39) 


which is the equation of a circle in the y,, y; plane with its center on the 
real axis at the point r,/(1 + rz) + 70 and with radius 1/(1 + riy.. Nine 








(A) DIAGRAM WITH T[, IN RECTANGULAR (8) DIAGRAM WITH [, IN POLAR 
COORDINATES COORDINATES 
Hig. 14. Graphical representation of load impedance in refleetion-coefficient plane. 


constant-resistance circles in Fig. 144 are constructed in accordance with 
Kiq. 35. Observe that all resistance circles pass through the point 
(1 + 70), as may be seen by substituting the coordinates of this point for 
yr and y; in Eq. 35. 

Equating the Imaginary components of Kq. 34 and completing the 
Square of the terms involving y, yields the relation 


(y; es 1)? f- (1: — ) = i (36) 


tr° 


Arr, 8) INPUT IMPEDANCE OF LINES 495 


which is the equation of a circle with center at 1 + 7(1/a,) and radius 
lox, Positive values of x, correspond to inductive reactance and yield 
eireles above the real axis: negative values of x, correspond to capacitive 
reaetanee and give eireles below the real axis. Because the centers of the 
reactance circles are displaced from the real axis by the amount of their 
radi, all reactance circles pass through the point | -+ 70. Only the parts 
of the reactance cireles that he within the locus of r, = 0 are drawn in 
lig. 144. 

Reetangular-coordinate components of Ty are employed in Fig. 144 
beeause of their usefulness in the derivation of the 7, and wx, eireles. In 
actual use of the chart, however, the polar coordinates of Fig. 145 are 
more convenient. The cireles centered at the origin in this figure are 
loci of constant {I',|, and the radial lines are loci of constant py. At point 
A, for example, where z, = 1.0 + 71.16, the magnitude and angle of I, 
ean be read directly as Tp, = 0.5e7*. 

8. Input Impedance of Transmission Lines. ‘The input impedances ol 
shorted-end and open-end lines are shown by Eq. 19 (p. 482) and lq. 23 
(p. 485) to depend upon the electrical length and the characteristic resist- 
ance of the line. More generally, the input impedance of a line section 
depends upon the electrical length, the characteristic resistance, and the 
terminating impedance of the line. The nature of the relationship 1s 
considered tn this article. 

Let the complex numbers E and J represent, as before, the voltage and 
current at any point P along a transmission line, the distance between P 
and the load being s. Let Z designate the ratio E/J/; that is, let Z be the 
input impedance of the section of ne between point P and the load. 
Impedance Z is then a function of s and has the special value Zz (the load 
impedance) if s = O or the special value Z, (the input Impedance of the 
entire line of length d) if s =d. Also let T, the reflection coefficient at 
point P, designate the ratio E-/E* of the reflected-wave and incident- 
components of EF at pomt P. The value of T depends upon s, and [ has 
the special value T, (reflection coefficient at the load) for s = 0 and the 
special value [, for s = d. 

The relation between the impedance Z at point P and the corresponding 
reflection coefficient I’ is the same as the analogous load relation of Eq. 32, 
p. $93. In fact, 
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p ‘ : ° ° riy A tha: 
where z = Z/R,is the per-unit input impedance at point P. The relation 
of to Fy, may be determined from the relation of “+ to #,* and E> to 


Ii,,— as follows: 
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Or 
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The relation of TP, to the per-unit load impedance is specified by Eq. 33, 
p. $93, which equation is repeated here: 


Le = = aE (39) 
The input impedance at any point P can be determined for any load 
impedance by application of Eqs. 37 to 39. By means of Eq. 39, the load 
reflection coefficient is obtained from the per-unit load impedance, and 
from Eq. 38, the reflection coefficient [ at the point of interest is deter- 
mined. Equation 37 then yields in per-unit form the desired input 
impedance. 
A direct relation between input impedance and load impedance is 
obtained if the above steps are performed in terms of letter symbols. 
The result is 





2, — | 
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If numerator and denominator are divided by | + «78: and if the quan- 
tity (1 — 6785) /(1 + 6788) is replaced by its equal j tan Bs, the relation 
obtained is 





St Jae bs (40) 
pot Je peas es 


or in terms of actual impedances instead of per-unit impedances, 


. Ai + ah, tan Bs 
4 = hy. 
Re lie ee aS 


2S 


(41) 


Sometimes Eq. 40 or 41 furnishes a convenient and simple method of 
calculating input impedance, but more often the three-step process of 
Eqs. 37 to 39 is simpler and may be employed more advantageously. 
Especially is the three-step process useful if the chart of Pig. 141s utilized 
to relate reflection coefficients and impedances. The point mn the chart 
at which 7, and 2, correspond to a given load impedance is located. The 
reflection coefficient [', corresponding to this point is changed to the 
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reflection coefhicient F = T,e7*8*, corresponding to a pomt ata distance s 
from the load by decreasing the angle of , by the amount 26s, that is, by 
rotating the representative point on the chart through an angle 26s 
clockwise about the origin. The new point thus determined specifies T, 
and sinee the relation of P to zis the same as that of T, to z,, the per-umt 
input impedance may be read from the resistance and reactance circles 
through the new point. 

As an example of this proeedure, consider the line of Fig. 134A, and 
assume that the input impedanee of the 75-deg seetion to the nght of 


180° 





Fig. 15. Input impedance of line having load reflection coefficient of 0), 56760? 


point P is to be found. ‘The load reflection coefficient 0.5¢%" is repre- 
sented by point A in Fig. 15. The reflection coefficient at point P 1s 
obtained by a clockwise rotation of 2 X 75 deg in Fig. 15 and has the 
value 0.5e779°, as indicated by point P in Fig. 15. The corresponding 
input impedance read from the chart is 0.6 — 70.8 on a per-unit basis, or 
30 — 740 ohms for a 50-ohm line. 

The general way in which input impedance of a line varies as the elec- 
trical length changes may be determined cither by reference to iq. 41 or 
by application of the three-step process to the chart of Pig. 16. The 
change in electrical length may be the result of a change of physical length 
at constant frequency or a change in frequency (and hence in £) for a hne 
of fixed length. As the electrical length increases from zero, the repre- 
sentative point on a chart such as Fig. 15 moves clockwise around a circle 
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of constant |I',| because the angle, but not the magnitude, of I depends 
upon electrical length. For electrical lengths that place the 1mpedance 
point on the horizontal axis, the input impedance 1s a resistance. If the 
point lies above the horizontal axis, Z corresponds to the impedance of a 
combination of resistance and inductance; if the point is below the hori- 
zontal axis, Z comprises resistance and capacitive reactance. A com- 
plete cycle of impedance values is obtained in a 180-deg change in elec- 
trical length, and the cycle is repeated in each additional 180-deg length. 
The periodic nature of Z can be seen by following the motions of a repre- 
sentative point on the chart or by examination of Eq. 41, in which tan Bs 
has a period of 180 deg. 

For the example considered, the representative point starts at A in 
Fig. 15 and traverses the circle through points B, P, and C. For short 
electrical lengths, corresponding to points between A and B, the input 
impedance corresponds to a combination of resistance and inductance. 
At point B, the input impedance is a resistance of per-unit value 3 
between points B and C the impedance is that of a resistance-capacitance 
combination, and at C the impedance is a resistance of per-unit value Le, 
Between points C and A, the impedance is again that of an R-L combina- 
tion, and for a 180-deg electrical length the representative point is again 
at A and the input impedance is the same as the load impedance. 

The circles of constant |',| in Fig. 15 are also circles of constant stand- 
ing-wave ratio p because of the relation between p and i[',| specified by 
iq. 30, p. 490. The value of p corresponding to each value of [',| is 
indicated in Fig. 15. Another important relationship exists between p 
and the maximum and minimum values of the input impedance obtained 
as the line length is varied. The input impedance is maximum at a point 
such as B in Fig. 15, where the reflection coefficient is a positive real 
number and the standing-wave patterns of voltage and current have, 
respectively, maximum and minimum values. At such a point, the 
total voltage and total current are in phase, so that the maximum 
impedance is a resistance and has the value 
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or the maximum impedance is a resistance of per-unit value p. Similarly, 
the minimum impedance (which occurs at a point such as C in les, 
Where the reflection coefficient is a negative real number) zs a resistance 
of per-unit value 1/p. : 

Of particular importance are the: input impedances of lines having 
certain special values of electrical length or load impedance. Two such 
special cases, lines having short-circuit and open-circuit terminations, are 
discussed in Arts. 3 and 4. Note that the value of Z specified by Eq. 41 
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simplifies to jR, tan Bs when Z, = 0, mn accordance with lq. 19 (p. 482) 
for a shorted-end line. Similarly, when Z, is infinite, Hq. 41 yields the 
value —7R, cot. Bs for Z in agreement with Eq. 23 (p. 485) for an open-end 
line. 

A third speeial case is the half-wave line, or line having an clectrical 
length of 180 deg. Beeause of the periodie property of the input mmped- 
anee, the input Impedance of a half-wave line 7s equal to the load impedance. 
The load voltage is of the same magnitude as the input voltage, but of 
opposite polarity. Thus a half-wave line may be thought of as a ttl 
transformer couneeted so as to provide a polarity reversal. 

A fourth special case is the quarter-wave line or line of 90 deg electrical 
length. Ona per-unit basis, the input impedance of a quarter-ware line ws 
the reciprocal of the load impedanec. As proof of this statement, consider 
Eq. 37 for per-unit input impedance, and note from leq. 38 that P fora 
quarter-wave line equals The!" = —T.. The input impedance of such 
a line 1s therefore 


According to Eq. 32 (p. 493), 


and thus z = 1/z,. In terms of actual impedance, z = Z/f, and 
7 Zi/ Re. Hence, 
eee 


b= 7 


(42) 





Equation 42 indicates that a quarter-wave line transforms an impedance 
of large magnitude into one of small magnitude, and vice versa. ‘This 
reciprocal relation between input and load impedance makes a quarter- 
wave line useful as an impedance-changing device (Art. 15). In such an 
application, the line section is called a quarter-wave transformer. 

Because input impedance is not altered by the addition of multiple 
half-wave sections of line, special impedance properties are associated 
not only with half-wave and quarter-wave lines but also with lines com- 
prising any integral number of quarter-wave sections. If the number of 
quarter-wave sections is even, the input impedance equals the load imped- 
ance, as for a half-wave line. If the number of quarter-wave sections 1s 
odd, the per-unit input impedance is the reciprocal of the per-unit load 
impedance, as for a quarter-wave line. 

9 Transmission-line Charts. Several graphical representations of 
the relation between reflection coefficient and per-unit impedance are 
widely employed in the manner described in Art. 8, both for the quantita- 
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tive calculation of impedance values in transmission-line systems and for 
the qualitative determination of the nature of impedance changes that 
accompany changes in line length or terminal impedance. Of particular 
Importance is the Smzth chart,’ one form of which is illustrated in Fig. 16 
and differs from the I'-plane diagram of Fig. 14 only in minor respects. 


Tole) 





80 





erANELENGINS OeTO SENER aro ~ 
1 2 a — 4 _ tn . 
oe 609 TAT avELENGTNS TOwaRO ee 















S 
% 
im 
2 
3\\3 
a { PRY, fo Z 
ONOUCTANCE | PCT reg m}os 
Dr we 
TOKE | 
WS a rae 4% Yo = 
° 
AQ 












\ \ \ a \e OS we fe | x 
| ZL P LT TTY 
% OAT Th Che 
Z ‘2 LH THEE Vs 


Fia. 16. The Smith chart. 


In Fig. 16 many constant-resistance and constant-reactance circles are 
drawn to permit reasonable accuracy in reading impedance values. To 
avoid confusion of the diagram, polar-coordinate lines for T are omitted. 
lor the solution of a particular example, as many of these lines as are 
needed may be added with the wid of a straightedge and a compass. 
The scale of angle for T around the duter edge of the chart is helpful in 
locating radial coordinate lines. For convenience in measuring the 


l elie 16 is adapted from P. H. Smrra, “An Improved Transmission-line Calcu- 
lator,” Mlectronics, 17 (January, 1944), 130-133, 318, with permission. 
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angular motion of a representative point on the chart, scales of wave- 
lengths toward the load and wavelengths toward the generator are 
mecluded mside the angle scale for Tin Tig. 16. Note that a half-wave 
change, which corresponds to an 180-deg change in @s or a 360-deg change 
in the angle of T, corresponds to a complete rotation about the chart. 
The location of the zero points of the wavelength scales is not important, 
because the scales are intended only to indicate the change of position in 
wavelengths associated with some motion of a representative point. In 
hig. 16, the zero points are arbitrarily located at a point of minimum 
Impedance. 





(30 t J1O OHMS) 


(A) CIRCUIT OLAGRAM 


0.38% 


(8) CONSTRUCTION ON SMITH CHART 


Fig. 17. Determination of input impedance by means of Smith chart. 


The use of the Smith chart may be illustrated by the example of Fig. 
17A, in which the input impedance of the 50-ohm one-third-wavelength 
line (8s = 120 deg) terminated by an impedance of 30 + j10 ohms is to 
be found. ‘The per-unit load impedance 


Z, = a = 0.6 + 50.2 
is first located at point A in Fig. 176, and the corresponding reference 
wavelength 1s read on the wavelengths-toward-generator scale as 0.047). 
Because the line length is 0.333\, the input impedance is read at the inter- 
section of the p circle through A with a radial line through the pomt 
0.047 + 0.333 = 0.38 on the wavelength scale. ‘This intersection is at 
point 6, and the input impedance is therefore 0.83 — 70.50 per unit, or 
41.5 — 725.0 ohms. ‘The standing-wave ratio for the hne is 1.76 because 
the p circle is tangent to the r = 1.76 circle. 

The Smith chart may also be used to determine load impedance when 
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the standing-wave pattern is known. As an example, suppose that the 
standing-wave pattern has a minimum at a point 0.24 from the load and a 
standing-wave ratio of 2.5, as indicated in Fig. 18A. A p = 2.5 circle is 
drawn on the chart (Fig. 188), and the minimum-voltage point ts located 








(A) CIRCUIT DIAGRAM ANO 
STANDING -WAVE PATTERN 


(8) CONSTRUCTION ON SMITH CHART 
Fig. 18. Determination of load impedance by means of Smith chart. 


at A. The load impedance is determined from point B, located on the 
p = 2.5 circle at position corresponding to a 0.2 counterclockwise rota- 
tion from A. ‘This position is located by reference to the 0.2 mark on the 
wavelengths-toward-load scale. At pomt B, the load impedance is 
1.67 — 71.04 per umit, or 83.2 — 752.0 ohms. 

The Smith chart is a graphical representation of the relation between I 
and z obtained by plotting specific values of z (points on the resistance 
and reactance circles) in the T plane. An alternate graphical representa- 
tion of the relation 1s obtained by plotting values of T in the z plane. 
Customary practice is to plot loci of constant magnitude and constant 
angle of mn the z plane. These loci are circles, as indicated in Fig. 19 
and the chart thus obtained is called a z-plane circle diagram. 

The z-plane chart may be thought of as being obtained by a distortion 
of the Smith chart in which the region near the right-hand end of the 
horizontal axis in Fig. 16 is expanded tremendously and other portions of 
the chart are distorted to a smaller degree. The expansion is continued 
until the constant-resistance circles of the Smith chart become the 
vertical-coordinate lines in Fig. 19 and the constant-reactance circles 
become the horizontal-coordinate lines. In this transformation, the 
circles of constant magnitude of refleetion coeficient (circles centered at 
the origin in the Smith chart) become the circles surrounding 1 + 90 in 
Vig. 19. The radial lines of constant angle of the reflection coefficient in 
the Smith chart become the ares of circles through the point 1 + 70 in 


) 
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Fig. 19. Note that a z-plane diagram corresponding to the entire Smith 
ehart would have infinite extent. vertically and to the meght, and only the 
portion of such a chart appheable for standing-wave ratios of not more 
than 51s drawn in ig. 19. 

The scales for per-unit resistance and per-unit reactance are marked on 


the horizontal and vertical axes of Fig. 19. The [P| values for which 
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Vic. 19. The z-plane circle diagram. 


circles are drawn are not indicated, because these circles are also circles of 
constant standing-wave ratio. The p values can be read from the per- 
unit resistance scale at the right-hand intersections of the circles with the 
horizontal axis, and the || values, if needed, can be calculated from fq. 
30, p. 490. The scale for the angle of P is marked around the outside of 
the chart, and a scale of 6s measured from a point of minimum voltage 1s 
included inside the T-angle seale. This scale is used in the same manner 
as are the wavelength scales of the Smith chart. 

As an example of the use of the z-plane circle diagram, consider again 
the problem of finding the input impedance of the line section in Fig. 17. 
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The per-unit load impedance z, = 0.6 + )0.2 is represented by point A in 
Mg. 19. This pomtis on the p = 1.76 circle at an angle of 17 deg on the 
electrical-length scale. Therefore, the input impedance Is represented by 
point 6b located at the intersection of the same p circle with the angle of 
circle 17 + 120 = 137 deg. The input impedance is 0.83 — 30.50 per 
unit In agreement with the value obtained from the Smith chart. 
That the loci of constant magnitudes of T are the circles surrounding 
I + 70 in Fig. 19 may be proved in the following manner. By Eq. 37 
(p. 495), T = (2 — 1)/( + 1), and thus if z 1s written as r + jz, the 
square of the magnitude of T' is . 
TP =p (43) 
(r= 1). 2 
By rearranging this equation in powers of r and then completing the 
square In the terms involving r, the following expression may be obtained: 


(: See : 7 ( ) i 


Equation 44 is the eae of a Sy cle in the z plane with its center on the 
real axis at (1 and with radius 2|Pj/(1 + |P|?). 
Similarly, the loci of constant angles of ! may be shown to be the 
ares of circles through | + j0 in Fig. 19. Equating the angles of the 
complex-number equation T = (2 — 1)/(z + 1) yields the expression 


Yy=a—B (45) 


where yw is the angle of T, ais the angle of (r — 1) + jx, and 8 is the angle 
of (ry + 1) + 9x. Thus 
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his expression may be rearranged in powers of x and the square in these 
terms completed, with the result 


+ (x — cbt y)? = ese? y (46) 


The loci of constant y are therefore circles with centers on the imaginary 
axis, the locations of the centers being the points 0 + 7 cot y and the 
radu being ese y. 
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Both the Smith chart and the z-plane circle diagram provide convenient 
means of determining impedance relations on a lossless transmission line. 
An advantage of the z-plane diagram is that coordinate lines for both P 
and ¢ appear on the chart, so that no additional construction ines need be 
drawn to solve specific problems. This advantage is more than offset, 
however, by the fact that all values of r and x determine points within 
the If] = 1 cirele of the Smith chart whereas the z-plane dingram 1s of 
infinite extent. In order to contain points for high standing-wave ratio, 








the z-plane diagram must be drawn to such a small scale that coordinates 
of points of low standing-wave ratio cannot be read with accuracy, Thus 
the Smith chart is the diagram most commonly used for transmission-hne 
calculations. It is employed in the remainder of this book not only in 
connection with transmission lines, but also for the determination of 
impedance relations in waveguides, as explained in Clap. VITT. 

10. Input Admittance. Frequently a load impedance 1s shunted across 
» transmission line at a point remote from the ine terminations, or the 
output terminals of one line are joined in a parailel connection to the 
input terminals of two or more other lines. Because admattances add at a 
parallel junction, calculations on such systems are considerably simplified 
if the input admittances, rather than the input impedances, of the line 
sections are employed. Input admittance can be determined by first 
calculating the input impedance by means of any of the equations or 
charts of the preceding articles and then equating admittance to the 
reciprocal of impedance. More direct ways are available, however, for 
using the Smith chart and the z-plane diagram with admittances, and 
these direct procedures are very convenient for use with parallel systems. 

The input admittance to any section of line is Y = 1/Z, where Z is 
the input impedance. The per-unit input admittance y = Y/G, (where 
G. = 1/R, is the characteristic conductance of the line) 1s therefore 

(aX UZ Re) os 
ie eae Te 

The Smith chart is based upon the relation z = (1 +7)/0 —T). 
Because y = 1/z, this relation may be written 


~1-Pr_14+(-?r) 


ae ee ees Oe (48) 


Thus the relation of y to —I'is exactly the same as the relation of zto TT, 
and the Smith chart may be considered a plot of values of y in the —P 
plane. As indicated by the scale designations i) Viewty cp. 000), tite 
resistance circles become circles of constant per-unit conductance and 
the reactance circles become circles of constant per-unit susceptance. 
The change from the I to the —T plane can be accounted for by rotating 
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the scale for angle of the reflection coefficient 180 deg around the chart. 
Note that the change from the [ to the —T plane has no significance in 
the calculation of the admittance at one point of the line from that at 
another point. ‘The rotation of the scale of angle of T is of interest only 
when the value of I is given or is to be found. 

As an example of the use of the Smith chart with admittances, let it 
be required to find the input admittance of the shorted-end line in 
hig. 20. The short circuit constitutes 
a load of infinite admittance, so that the 
representative point for the load is 


located at the right-hand end of the 
ad aes: horizontal axis of the Smith chart Goy 
Fig. 20. Line employed as example in 500). This point is at 0.25 on the 
input-admittance calculation. wavelength scale, and thus the repre- 
sentative point at the input is located on the outside (0 = ~ org = 0) 
circle at a reading on the wavelengths-toward-generator scale of 
(0.25 + 0.333) —0.5 = 0.083, corresponding to a clockwise rotation of 
one-third wavelength from the initial point. The input admittance is 
therefore 0 + 70.58 per unit, or for a 0.01-mho (100-ohm) line, 0 + 70.0058 
mho. Observe that, if a reflection coefficient is desired, its angle must be 
read from the angle scale rotated 180 deg. For example, the reflection 
coefficient at the load is 118° = —1, as it must be at a short circuit. 

Frequently in transmission-line problems, a change from per-unit 
Impedance to per-unit admittance (or vice versa) is required. This 
change requires that the reciprocal of a complex number be found, and 
a procedure that is shorter than a slide-rule calculation of the reciprocal 
is to rotate the point representing the given per-unit value 180 deg either 
way around a circle of constant p. This procedure is correct because the 
input per-unit impedance of a quarter-wave line is the reciprocal of the 
per-unit load impedance (see liq. +2, p. 99). The input Impedance of 
the line in Fig. 20, for example, is obtained by an 180-deg rotation along 
the p = © circle from the 0 + j9.58 per-unit-admittance point, and the 
impedance is 0 + 71.73 per unit, or 0 + 7173 ohms. 

Because the relation of —I to y is the same as that of [ to z (see 
Eq. 48), the z-plane diagram of Tig. 19, p. 903, may be considered alter- 
natively as a plot of values of —P in the per-unit admittance plane. 
Thus the z-plane diagram, like the Smith chart, may be used equally well 
with per-unit admittances, but the scale of angle for T must be shifted 
180 deg if values of I corresponding to admittance values are to be 
determined. 7 

11. Transient and Steady-state Operation of Transmission Lines. In 
the preceding articles, the generator that supplies power to a trans- 
mission line is assumed to be a fixed sine-wave voltage source in series 







Yr Ge = 0.01 mho 
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with a resistance equal to the characteristic resistance of the Ime. With 
such a generator, any wave reflected from the load causes no further 
reflections when it) reaches the generator, and (Gf the load is purely 
resistive) steady-state operation is reached after one round trip of the 
voltage and current waves. 

Also of interest are generators having values of internal tmpedance 
ditferent from R. and generators (such as triode oscillators, klystrons, 
and magnetrons—see Chaps. X and NI) that cannot properly be repre- 
sented as a fixed voltage source in series with a linear impedance. When 
such generators are suddenly connected to a hne, the transient obtamed 
is more complicated and of longer duration than the one obtained with a 
venerator of internal resistance &.. A wave originating at the source 
and reflected at the load suffers a second reflection when it returns to 
the source. The new forward-going wave ts also reflected at the load, 
and the process repeats, the wavefront traveling back and forth many 
times and growing smaller at each reflection. Before steady-state oper- 
ation ean be attained, the traveling wavefront must be reduced to 
negligible proportions. Hf the impedances at the ends of the line are not 
simple resistances, the transient may be further complicated by the 
crowth of current in terminal inductors and growth of charge on terminal 
capacitors during the transient period. 

However involved the transient process may be, the final steady-state 
condition, which alone is of mterest i this chapter, can be represented 
by a series of sine waves (often with a variety of different phases and 
amplitudes) traveling in the direction from source to load and a second 
series of waves traveling in the reverse direction. Because all waves 
travel with the same speed and are of the same frequency, all the forward- 
going waves can be summed and considered as a single resultant forward- 
voing sine wave. Similarly, all the returning waves can be added, and 
the sum considered to be a single return sine wave. Thus the steady- 
state distribution of voltage and current on line can always be thought 
of as the sum of two traveling waves, one proceeding m each direction 
along the line. 

Observe that, although the total forward-going wave ts different from 
the initial wave from the source and the total returning wave 1s different 
from the first reflected wave, the relationship of the total return wave to the 
total forward wave is determined by the load in exactly the same way as 1S 
the relationship of any component wave reflected from the load to the 
corresponding incident wave. The total return wave must have such a 
value relative to the total forward wave that the resultant voltage at the 
load is the product of the resultant load current by the load impedance. 
Thus the voltage at the load of the total return wave is I, times the 
corresponding voltage of the total forward wave, where T', 1s the load 
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reflection coefficient defined in Art. 6. Similarly, the reflection coeft- 
cient I specifies the ratio of return-wave voltage to forward-wave voltage 
at any point of the line, and thus the standing-wave ratio and the position 
of the standing-wave pattern are determined by the load and are independent 
of the characteristics of the generator (provided the generator supphes 
sinusoidal waves of voltage and current). 

Although the generator does not affect the shape or position of the 
standing-wave pattern, it does, of course, determine the over-all scale 
of magnitude for the pattern. An increase in power delivered by the 
generator increases the voltage and current at every point in the standing- 
wave pattern. In order to determine the voltage and current magni- 
tudes, the input impedance of the line is first determined (by use of the 
Smith chart, for example) from given values of load impedance and 
line length. This input impedance is the load impedance for the gener- 
ator and may be used to determine the power, voltage, or current delivered 
by the generator. For a linear generator, this determination involves a 
calculation upon a series circuit comprising the source voltage and internal 
impedance and the input impedance of the line. For a nonlinear source, 
such as a vacuum-tube oscillator, performance charts (for example, the 
Rieke diagrams discussed in Art. 10 of Chap. XI) specifying the power 
and frequency of the oscillator as functions of the load impedance are 
used. 

As an example of the relation of the component waves in the transient 
period to the total forward-going and return waves of the steady-state 
condition, consider the illustrative circuit of Fig. 21A. To simplify the 
calculations, the terminating impedance is assumed to be a resistance 
(of per-unit value 1.5) and the line is assumed to be exactly one wave- 
length long. Switch S is assumed to be closed at ~ = 0, the instant at 
which ¢, is rising through its zero value. 

When switch S is first closed, the input impedance of the line equals 
the characteristic resistance, 100 ohms. Thus the initial wave has a 
peak value of 


100 


1x 100 + 150 


iv olie 


This initial wave requires one period of duration 7’ to traverse the one- 
wavelength line. Therefore, at the instant ¢ = I’, the voltage distribu- 
tion along the line is represented by the traveling wave e;+ in Fig. 21B. 

The reflection coefficient at the load, corresponding to a per-unit 
impedance of 1.5 + jO, is 0.2, and therefore the wave e€,— reflected from 
the load has a peak value of 40 X 0.2 = 8 volts. At the instant ¢ = 27° 
this reflected wave has traversed the entire line and added the component 
labeled e,- to the voltage on the line. The incident wave, having 
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progressed exactly 1 eycle between the instants ¢ = 7 and ¢ = 27, 1s 
again as shown by the e:t wave in Fig. 218; and thus the total voltage 
at the time ¢ = 27’ is the sum of the et and e,> waves. The reflection 
cocflicient at the generator is also 0.2, and thus the e.t wave of ig. 215 
is obtained. The total voltage at time ¢ = 37’ is the sum of the three 
component waves m this figure. 
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Fre. 21. Example of transient and steady-state voltage waves. 


Additional traveling-wave components caused by succeeding reflec- 
tions are of very small amplitude; for example, the wave caused by 
reflection of e+ has a peak value of only 0.32 volt. Thus the total 
forward-going wave in the steady-state condition has an amplitude only 
slightly more than 41.6 volts, the amplitude of the sum of the e:* and e2* 
waves, and the total return wave has an amplitude only shghtly larger 
than the value 8 volts obtained from the e wave. The total forward- 
going and return waves are indicated as e+ and e7, respectively, m 
Fig. 21C for an instant t = nJ, where n is any large integer. ‘The peak 
value 4124 volts for e+ is obtained by adding all the forward-going waves 
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and 1s 
Peak value of et = 40 + 0.2? x 40 + 0.2‘x 404+ -.- - 


ie 
w+ mt) 


40 Zz 
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volts 


The peak value 8!3 volts for e~ is obtained similarly from the series of 
return waves. 

The combination of the e+ and e~ waves results in a standing-wave 
pattern represented by the plot of \/2 ||, the peak value of the total 
voltage in Fig. 21D. The forward and return waves are in phase at the 
generator, at the load, and at the center of the line and are 180 deg out 
of phase at points a quarter wave from the ends of the line. V oltage 
V2 |£| has a maximum value of 50 volts (the sum of 4125 and 84 volts) 
at the in-phase points and a minimum value equal to the difference 33 4 
volts at the quarter-wave points. 

The above calculations are made only for the purpose of illustrating 
the relation between transient and steady-state conditions. The final 
results of Fig. 21D are much more easily obtained by steady-state calcu- 
lations. Thus, in the steady state, the input impedance of the one- 
wavelength line is equal to the load impedance, 150 ohms. The total 
voltage at the input of the line therefore has the peak magnitude 


1/2 |E.| = 100 x ae = 50 volts 

and the load voltage has this same magnitude, because the line is one 
wave long. The standing-wave ratio is equal to the per-unit load 
mpedance 1.5, and thus the minimum voltage in the standing-wave 

pattern 1s 50/1.5 = 331 volts. 
; 12. Power and Power Capacity. 
t Of great importance in the applica- 
Pais | eer a tion of transmission lines is the 
d amount of power conveyed by a 
lta. 22. Voltage, current, and power in a line from a source to a load. In 
transmission-line system. ; : 
Vig. 22, the notation for power is 
illustrated by reference to a line connecting a source and a load. The 
symbol P stands for the average power that traverses any cross section of 
the line in the direction of the load, Pa is the power delivered by the 
source, and P, is the power consumed by the load. Voltage and current 
at any point of the line are represented by complex numbers, as before. 
The average load power may be calculated in the same way as the 
power absorbed by any impedance supphed with sinusoidal waves of 


sd , 
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voltage and current. Thus the load power 1s 
r= |i, Ti cos OL 


where |/,| and |Jz| represent rms values of load voltage and current and 
8, is the phase angle between the waves of voltage and current.  Simi- 
larly, with analogous definitions of symbols, the power delivered by the 
source to the input impedance of the line Is 


Ps as ea Tal COS Oa 


and in general, the power delivered at any point of the line to the input 
impedance of the remaining section of line 1s 


P= | \T| cose (49) 


On 2 lossless line, despite wide variations of |/], |/|, and @ that may occur 
from point to point along the line, the product \Z7| |Z| cos @ must be con- 
stant and the value of P must be the same at all points of the line and 
equal to Pa and Pz. 

Frequently separation of the power P into components associated with 
the forward-going and the returning waves Is desirable. ‘The power con- 
veved from the source to the load by the forward-going wave 1s 
p+ = |E+| |[*|, the power factor being omitted as H+ and J* are in 
phase and cos,@* = |. Similarly the power sent back to the source by 
the returning wave is P~ = |E7-| |[7|, and for a lossless line the net power 
transmitted from source to load 1s 


This equation has a practical application in connection with the direc- 
tional coupler (see Art. 7, Chap. XII), a device that permits independent 
measurement of the power associated with the forward-going and return- 
ing waves. 

Note that the correctness of Eq. 50 is not obvious. Linear super- 
position may be applied to voltages and currents on transmission lines 
but not, in general, to power. For example, the power of a 100-volt 
(rms value) wave applied to a 100-ohm line is 100 watts, and the power 
of a 50-volt wave on the same line is 25 watts. If two such voltage 
waves of the same frequency travel in phase along the same line, the 
total power is not the sum of the individual powers (125 watts) but 
rather is the power of a 150-volt wave, which 1s 225 watts. That super- 
position may be applied to power for two waves traveling in opposite 
direction must be regarded as a special circumstance requiring specific 
proof. Asa matter of fact, Eq. 50 can be applied correctly only to lines 
for which the voltage and current of a traveling wave are in phase. 
Though of little concern im radar, high-loss lines having a characteristic- 
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impedance angle different from zero exist, and for these the power trans- 
mitted cannot be separated into components associated with the forward- 
going and returning waves. 
Proof of Eq. 50 may be made by reference to Fig. 23. Complex 
-« numbers # and J represent voltage and 
current at any point of a transmission 
line having a resistive characteristic 
impedance. The voltageis represented 
in terms of the forward-going and re- 
turn waves as #+ + E-, and the cur- 
rent as /* + I~. For the definitions of 
angles indicated in the figure 





Ecol kee eae 
Fic. 23. Complex-number diagram Z| 7 [J | COS $1 | | COS d2 
used in proof of Eq. 50. | | cos @ = eee COS ¢1 + | E-| COS do 


and by Eq. 49 the power transmitted is 
P = |E| |Z| cos 6 
= [B+] [I*] cos* $1 — |E-| |I-| cos? ¢: 


+ ({E-| |J+| — |E+] \J-|) cos ¢1 cos g2 (51) 





The last term in Eq. 51 is zero, because /E-| |{+| and |E+| |J-| are each 
equal to #.|/*| |J-|. Figure 23 shows also that 


Lo tsinegy —4liedlecinmes 


Squaring this relation, multiplying the result by R., and transposing 
yield 


0 = |E+| |I+| sin? ¢, — |E-| |I-| sin? ¢. (52) 





and the sum of Eqs. 51 and 52 is 
P = |B+| [I+] — |B-| |r] = P+ + P- 
A third relation for power transmitted (which is valid only for lossless 
lines) is 
ae eee 


“€ 





a (53) 
Proof of Eq. 53 depends upon the fact that at a point of maximum voltage 
on a lossless line the total voltage and current are in phase, and thus the 
power transmitted is 

fee a Pome alee 


y 
This equation is equivalent to Eq. 53, because 
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the last step being correct because |/+| and |/-| do not vary from point, 
to point along a lossless line. 

Asan example of the application of the power equation, consider a line 
terminated in an open circuit, a short circuit, or a reactance, so that the 
standing-wave ratio is infinite. he power consumed by the load is 
zero, and therefore if the line is lossless, the power delivered by the 
source and the transmitted power at each point of the line must be zero. 
The phase angle between voltage and current in a standing-wave pattern 
corresponding to complete reflection is 90 deg (see Arts. 3 and 4+), and 
thus cos @ in Eq. 49 is zero. Equations 50 and 53 also yield P = 0 
haus P+ = Pr and [2 hmicc= 0. 

As an example involving the opposite extreme of reflection-coefficient 
magnitude, consider a lossless line terminated in its characteristic resist- 
ance. The voltage and current at each point of the lie are in phase and 
have the magnitudes |#+| and |/+|. The transmitted power 1s thus 





|/E+| |I+] as calculated by either Eq. 49 or 50. Equation 53 yields this 
same value because |E|n. and | |mn each equal |#+| and |#+|/R, 1s equal 








to |J), 

In general, lines operate under conditions intermediate to those of 
complete absorption and complete reflection of the incident power by the 
load. Where the objective is to transfer power from source to load, as 
little reflection as possible is ordinarily desired. The existence of a 
returning wave results, for a given net power transfer, in unnecessarily 
high values of voltage and current at the maxima of the standing-wave 
patterns, and these large voltages and currents produce several unde- 
sirable effects. 

One undesirable effect of high standing-wave ratios is the reduction of 
the power capacity of the line; that is, reduction of the maximum power 
that can be transmitted by the line. Ordinarily the power that may 
safely be applied to the line is limited by the voltage that may appear 
between conductors without danger of insulation breakdown. Let | Eien 
be the limiting or maximum permissible rms value of the voltage between 
conductors. If the line is operated with a standing-wave ratio of unity, 
the voltage between conductors is the same in magnitude at all points 
of the line, and by Eq. 53 the maximum power that can be transmitted 1s 


Ge 
lim 


ae R 
‘€ 





If the standing-wave ratio is p, |E|mi. in Eq. 53 is equal to |E|nx/p, and 
|E\max must not exceed |E|im, so that the maximum power becomes 


Elim? pn 
= le 4 
ane oR, (5 ) 
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Thus standing waves cause a reduction of power capacity, the maximum 
power that can be delivered from source to load being inversely pro- 
portional to the standing-wave ratio. 

Additional undesirable effects of high standing-wave ratios are dis- 
cussed in Arts. 13 and 15. 

13. Losses and Attenuation. In the preceding articles, the discus- 
sions of transmission-line behavior are based upon the assumption that 
the lines are lossless. This assumption is only approximately true, 
because a small amount of power is always dissipated along the line. 
Losses in coaxial lines include conductor loss, or power lost as heat because 
of current flow through the resistance of the conductors, and dielectric 
loss, or power loss because of currents flowing in imperfect insulating 
material between conductors. Parallel-wire lines are subject to these 
same losses and (if the electric and magnetic fields surrounding the con- 
ductors are not confined by a conducting shield) have additional losses 
occasioned by radiation and by interaction of the fields with adjacent 
objects and circuits. 

For a radar transmission line not more than a few waves long, the 
power dissipated is ordinarily a negligible fraction of the total power 
transmitted along the line, and calculations that ignore losses are essen- 
tially correct. For lines of great length, however, the total loss of power 
from all parts of the line may be appreciable and thus may affect values 
of voltage, current, and impedance along the line. Where the purpose 
of the line is to deliver power from a source to a load, even small losses 
represent’ an Imperfection of the line, and every precaution must be 
taken to minimize the loss and to deliver to the load the largest possible 
fraction of the source power. 

The major effect of small power losses is illustrated by Fig. 24, in 
which is shown a long section of line carrying a single traveling wave of 
voltage and current. In most respects, the wave propagation occurs in 
the same way as on a lossless line—the voltage and current waves travel 
in phase at a speed 1/./Te and with an amplitude ratio |E|/|Z| equal to R,. 
However, as the wave traverses the line, its power P = || |I| is con- 
tinually decreased by the losses. As shown in the figure, the amplitude 
of the voltage and current waves also decrease or attenuate as the dis- 
tance from the source increases. 

If the attenuation is go great that the decrease of amplitude in one 
wavelength is appreciable, additional effects of losses may become 
noticeable. The losses may introduce a phase angle between the waves 
of voltage and current (corresponding to a complex value for the charac- 
teristic impedance) and may make the speed of propagation less than 
l/Vle and a function of frequency. 

In this text only lines with small loss are considered, that is, lines for 
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which the attenuation is appreciable only if observations are made over a 
distance comprising many wavelengths and for which other effects of 
loss can be ignored. Radio-frequency lines having greater losses are 
almost never encountered in radar for the following reason: Because of 
the high frequency of operation, the wavelength ts very short—o!f the 
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(8) VOLTAGE AND CURRENT WAVES AT A PARTICULAR INSTANT 
Fig. 24. Traveling wave on line with small loss. 


order of a few inches. Lines are designed to have reasonably small loss 
in the entire length employed, which may be several tens of feet. Thus 
the amount of the loss in a single wavelength 1s negheible. 

For lines of small loss, the basic assumptions are made that the voltage 
and current of a traveling wave are in phase and that the values of 
propagation speed and characteristic resistance are not altered by the 
losses. For such a line, the amount of the attenuation may be calculated 
simply in terms of the line parameters. These parameters include not 
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only / and ¢ (the inductance and capacitance of a unit length of line 
which determine R, and the speed of propagation) but also the loss 
parameters r (the conductor resistance for a unit length of line) and y 
(the shunt conductance of the dielectric in a unit line length). 

Consider first the attenuation in a line traversed by a single traveling 
Wave, as in Fig. 24. At some point A, the voltage and current have 
the rms values || and Z|, and these values do not Vary appreciably over 
a short section of line of length As adjacent to A. The conductor resist- 
ance in the As section is rAs, and the shunt conductance is gAs. The 
power loss of the section is the sum of the power losses in the conductors 
and dielectric and is very nearly 


{/PrAs + |E\’gAs = |B | = As + |E| |ZigR.As 


= ( ie sl.) PAs 
This power loss represents a decrease in the transmitted power that 
occurs between the input and output terminals of the As section. Thus 


Nee & + ike.) PAs (o>) 


where AP stands for the change of P in the section of length As. Equa- 
tion 55 becomes more nearly exact as the length As decreases, and in 
the limit 
dP 
ds 


Where dP/ds is the rate of change of the power with distance, or —dP/ds 
is the power loss per unit length of line. 

The procedure used in the derivation of Eq. 55 is often referred eae 
a perturbation method, because it is based upon introducing losses as a 
small change or perturbation of the operating conditions of a lossless 
line for which calculations have previously been made. This general 
type of calculation is used again in Chaps. VIII and IX in the calculation 
of losses in waveguides and cavity resonators. 

Equation 56 specifies that the rate of decrease of power with distance 
along the line is Proportional to the value of the power. In Art. 4 of 
Chap. II, it is shown that a curve having a slope proportional to its 
ordinate is an exponential. Therefore, the power of a traveling wave 
on a uniform transmission line decreases exponentially with distance 
along the line. In like manner, : the voltage and current magnitudes 
decrease exponentially and may be expressed as 


JE] = |Baleme, |Z} = [I ale-* (57) 


= — ( i oR.) P (56) 
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where |My! and \/qg are values of 











Fe) and |/| at the source (where s = 0, 
see Fig. 244) and a is a constant, called the allenuation constant of the 
line. Beeause power is proportional to the square of voltage or current, 
the corresponding exponential relation for power 1s 


P = Lac (58) 
where Py is the value of P at s = 0. The derivative of Eq. 58 1s 
dp? 7 
_- —Veabge = —2ar (59) 


and a comparison of this relation with Eq. 56 yields the value of the 
attenuation constant: 


| - 
a= 5 (Fz + rh.) (60) 


The effect of a line of length d upon a traveling wave Is, according to 
Eq. 58, to reduce the power of the wave in a definite ratio. If the input 
power is Pg and the load power 1s 21, the attenuation of the line may be 
specified by the power ratio P1/Pa. Alternatively and more conveniently, 
the attenuation may be specified by the value of ad associated with the 
line. Because P./Pg is equal to «—*%, 


The quantity ad is called the attenuation in nepers of a line of length d, 
and the attenuation constant a is thus measured in nepers per unit of 
length. 

Observe that the neper, like the decibel (see Art. 16, Chap. VI) is a 
logarithmic measure of power ratio. Line attenuation can be measured 
‘1 decibels as well as in nepers, and a definite relation exists between the 
two units. From the definitions in Art. 16, Chap. VJ, the attenuation 
in decibels of a line of length d is 
Attenuation in decibels = 10 log ie (61) 
The natural logarithm of Pa/Px is 2.303 times the common logarithm 
of P2/P1, and therefore the number expressing an attenuation in nepers 
is 14 X 2.303/10 = 0.1151 times the number expressing the same attenu- 
ation in decibels; that is, the neper is the larger unit, and the ratio of the 
units is 8.686. The logarithmic units neper and decibel are convenient for 
use in attenuation calculations because, in terms of these units, the total 
attenuation of several line sections or other devices in cascade 1s the sum 


of the attenuations of the component devices. 
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The magnitudes of the voltage and current of a traveling wave on the 
line of Fig. 244 decrease exponentially with distance in accordance with 
Eq. 57. At the same time, the phase angles change in proportion to 
distance exactly as for waves on a lossless line. The combined effects 
of attenuation and propagation speed can be expressed by combining 
the exponential attenuation factor from Eq. 57 with the exponential 
phase factor «8°, Thus 


= Bae #5, i = [jee (62) 


where # and I are the complex numbers representing line voltage and 
current and #, and J, are values of # and J at the source. Equations 62 
may be written 


Eo= Bye (otiB)s T= yet t iB) 
or 
BH = Hae, ] —wie (63) 
where 
y=a+jJp (64) 


The quantity y is called the propagation constant of the ine, the real 
part of y being the attenuation constant and the Imaginary part being 
the phase constant. 

Thus far, small losses on a line terminated in its characteristic resist- 
ance have been considered, and the wave that travels from source to 
load has been found to attenuate exponentially as 1t progresses. Also of 
interest is the effect of losses upon transmission-line waves when the 
terminating impedance is different from R,. Such a line iS represented 
in Fig. 25A, the special case of a resistive load impedance 3R, being 
assumed in the figure. 

he total voltage and current for the line of F 1g. 254 may be divided 
into two traveling-wave components, exactly as is done for lossless lines. 
Because of the losses, the forward-going wave is attenuated as it moves 
toward the load and the returning wave is attenuated as it progresses 
toward the source. Thus, at some instant, the voltages of the two waves 
are as Indicated in Fig. 25B. The returning wave is in phase with the 
forward-going wave at the load and has an amplitude one-half the 
forward-wave amplitude because, for Z, = 3R,, the reflection coefficient 
is 0.5 + 70. 

The sum of the two traveling waves vields the standing-wave pattern 
of Fig. 25C. Note that the standing-wave ratio of the pattern is 3 near 
the load (corresponding to IT,| = 0.5) but it is less than 3 at points far 
removed from the load because of the increased amplhtude of the forward- 
going wave and the decreased umplitude of the returning wave. Attenu- 
ation in a uniform line always causes the standing-wave ratio to decrease 
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toward unity as the point of observation 1s moved from the location of a 
mismatch toward the source. By the use of considerable lengths of 
high-attenuation line, the impedance that the source faces can be made 
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(A) CIRCUIT OIAGRAM 
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(B) TRAVELING-WAVE COMPONENTS OF VOLTAGE 
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(C) STANODING-WAVE PATTERN OF VOLTAGE 
Fic. 25. Effect of losses upon standing-wave pattern. 


equal to the characteristic impedance regardless of the value of the load 
impedance. 

Of special interest is the effect of standing waves upon the efficiency 
with which power is transferred by a line from a source toaload. Fora 
line of length d and attenuation constant @ operating with a matched 
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load, the efficiency 1 is 
cee —2ad 
Oe P, == E (65) 
where Pz is the input power and P,, the output power, and the relation of 
these quantities is specified by iG. 98 wibhes — ae. 

If the line is terminated in an impedance different from R,, Eq. 50, 
p. o11, can be used to express Pz; and P,; in terms of the power values 
associated with the forward-going and returning waves. (As noted in 
Art. 12, Eq. 50 is valid only for a line having a resistive characteristic 
impedance, but this condition is met by the small-loss lines considered 
here.) The efficiency y of a line with any value of terminating impedance 
may thus be expressed as 


Reel) oe 
"" PF Pr Ps 


The power quantities P+ and Pat associated with the forward-going 
Wave are related by 
le = P, e 2ad — noe at 


Similarly, for the power of the returning wave, 
| ale = P ,-e7~2e4 = me 


Furthermore, the ratio P,~/P1* is equal to the square of the ratio of the 
corresponding voltage magni- 
tudes, and therefore 


1.00 








0.80 ae = ie; 22+ 
ae Lhese relationships permit all the 
0 e * e e . 
5 quantities in the fraction of Eq. 
© : ; 
Ae 66 to be expressed in terms of P,+. 
lJ 


The line efficiency is therefore 


- nolat = yale 
1 Pat qe PPP 
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Fie. 26. Effect of standing waves upon Fig. 26 as a function of Tz for 
7 ee@ion-line eficiency. (The character- several values of no. A nonlinear 
istic Impedance is assumed to bea resistance.) ; ; 
xubscissa scale of p is also pro- 
e + e ° oa » e e 
vided. From these curves, 11s evident that efficiency is reduced by the 
presence of standing waves. The loss of efficiency is not large, however, 
unless the standing-wave ratio is greater than about 3. 
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14. Impedance of Lines Having Small Losses. The operating charac- 
_teristies of many transmission-line devices depend upon impedance rela- 


“Ft 


2 


tions in line sections less than one wave long. In such short line sections, 
the effect of attenuation is usually negligible, and impedance calculations 
‘an be made by the methods of Arts. 8 to 10 as though the lines were 
entirely lossless. Examples of such ‘alculations are given in Art. 15. 
Sometimes, however, impedance relations are of interest in a line 
many waves long. The effects of attenuation are then important even 
though the loss in a single wavelength 1s negligible, and the change of 
standing-wave ratio with distance from a point of mismatch must then 
be considered. For a lossless line the reflection coefficient at a distance 
¢ from the load differs from the load reflection coefficient Pz, because of a 
change of angle and is equal to Tyne?" (see Eq. 38, p. 496). For a line 
with losses, not only the angle, but also the magnitude of the reflection 
coefficient is a function of position. If Eq. 63, p. 518, 1s written in terms 
of a distance s measured from the load instead of from the source, the 
reflection coefficient of an attenuating line may be computed as follows: 


i+ —_ caer 


K- = By, e€™ 
and therefore 
T= om — by e778 
Be. dia 
or 
= Oye ee ee (68) 


The factor «-2e* in Eq. 68 indicates the effect of attenuation on the 
magnitude of I, and the factor «7°? indicates the effect of propagation 
speed upon the phase of I’. 

The three-step process specified by Eqs. 37 to 39 in Art. 8 for impedance 
calculations in lossless lines can be applied also to lines with small loss, 
provided Eq. 68 rather than Eq. 38 is used to relate reflection coefficients 
at different points along a line. Equations 37 and 39 relating impedance 
to reflection coefficient are unchanged. ‘Therefore the Smith chart and 
z-plane diagram, which are graphical representations of the impedance-to- 
reflection-coefficient relation, may be used in the calculations. Aine, 
all the procedures for using the Smith chart presented for lossless lines 
may be applied to lines with small loss, with only one change: To deter- 
mine the reflection coefficient at one point of a linc from that at another, 
the representative point is moved, not along a circle of constant p, but 
rather along a spiral about the center of the Smith chart. The radius of 
the spiral decreases for a clockwise rotation of the representative point 
corresponding to a motion toward the gencrator of the point of observa- 
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tion on the line. The rate at which the radius of the spiral changes is 
specified by the factor e—?¢* in Eq. 68. 

As an example of impedance relations in a line with small loss, consider 
the line of Fig. 274 for which the characteristic resistance is 50 ohms, 
the speed of propagation is 3 X 108 m per sec, the attenuation is 0.5 db 
per m, and the length is 2.025 m. The input impedance is to be deter- 
mined for a load impedance of 100 + j0 and an operating frequency of 
3,000 Mcps. The wavelength, determined from the speed and frequency 
of the waves, is 10 cm; the line is therefore 2014 waves in length. 
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(A) CIRCUIT OIAGRAM 


(B) CONSTRUCTION ON SMITH CHART 


Fig. 27. Determination of input impedance of line with small loss. 


The load impedance is represented by the point zz in ig. 27B at a 
per-unit impedance value of 2 -+ j0. The input impedance zy is obtained 
by a clockwise rotation through an angle corresponding to 2014 wave- 
lengths (40!§ revolutions in the chart). If the line were lossless, the 
result would be the same as that obtained by a rotation of one-quarter 
wavelength, and the per-unit input impedance (represented by 24’ in 
Fig. 27B) would be 0.5 + 70. Because of the losses, however, the path 
of the representative point is, as shown in the hgure, a closely wound 
spiral ending in point za at the per-unit value of the actual Input 
Impedance. 

Point 24 is located on the same radial line from the center of the chart 
as 2a’, but the distance from the center to zq1s, by Eq. 68, e-?4 times the 
distance from the center to 2a’. The factor «24 can be evaluated by 
first converting the attenuation iA decibels to attenuation in nepers 
(see Art. 13), as follows: | 


e—2ad — ——2X(0.5/8.686)X2.025 e— 9-233 = 0.793 
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Alternatively, the ratio can be determined directly from the definition of 
the decibel as 


1Q—2X(0.5/20)2.025 — [(-010125 — ().793 


From the point zg thus located, the input impedance 1s read as 0.583 + 70 
per unit, or 29.15 + j0 ohms. Note that the effect. of losses 1s, as 
expected, to produce a value of mput impedance more n ‘arly equal to 
the characteristic resistance than would be obtained with a lossless line. 

15. Impedance-changing Devices. ‘The performance of a system 
employing a transmission line to deliver power from a source to a load 
depends greatly upon impedance relations at the ends of the line. At 
the source end, the input impedance of the line affects the power output 
(and often the frequency stability) of the source, and at the load end the 
terminating impedance determines the standing-wave ratio at which the 
line operates. Usually two devices for changing impedance, which may 
be called impedance transformers, ave employed, one at either end of the 
line. to secure desired impedance relationships. An impedance trans- 
former near the load permits adjustment for nearly unity standing-wave 
ratio over the major part of the line, regardless of the impedance of the 
load itself. A second transformer near the source makes possible oper- 
ating the source into any desired load impedance when the input imped- 
ance of the line is the value FR, associated with a flat line (a line for which 
aye 

Although transmission-line systems occasionally employ only one 
impedance transformer, which is adjusted for proper loading of the source 
without regard to standing waves on the line, use of two transformers and 
flat lines is generally preferable. As explained in Art. IY, elimination of 
standing waves makes the power capacity of the line a maximum, and as 
explained in Art. 13, operation at a low standing-wave ratio also provides 
maximum efficiency of power transmission. A third reason for main- 
taining low standing-wave ratio is the frequency sensitivity of the hme. 
If the line is many wavelengths long, marked variations of the input 
impedance result from even small shifts of frequency unless the standing- 
wave ratio is very near to unity. Thus low standing-wave ratios are 
required in broad-band systems. Often also, impedances nearly inde- 
pendent of frequency and, therefore, low-standing-wave ratios are neces- 
sary for satisfactory operation of vacuum-tube power sources (see Art. 10 
of Chap. X and Art. 10 of Chap. AJ). 

Single-stub Transformer. A form of impedance transformer often 
employed with parallel-wire lines is the single-stub transformer, a device 
that consists of a short section of transmission line connected in parallel 
with the main line and terminated in a short circuit. In order that any 
impedance-changing device may provide a complete range of control of 
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impedance, it must be adjustable in two ways so that the resistance and 
reactance components of impedance may be adjusted independently. 
For the single-stub transformer, the two adjustments are the length of 
the stub and the position of the stub along the main line. 

Consider the use of a stub located near the load end of a line, as in Fig. 
“8A, for the purpose of eliminating standing waves on the main line 


wN 
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(A) CIRCUIT DIAGRAM (8B) CONSTRUCTION ON SMITH CHART 
I'ia@. 28. Example illustrating use of single-stub transformer. 


between the stub and the generator. Let Y, be the input admittance of 
the line section to the right of the stub, and let Y. be the input admittance 
of the stub. Because Y. has no conductance component, the procedure 
for making the sum of Y, and Y’, equal to the characteristic conductance 
of the main line is as follows: (1) Locate the stub at a point where the 
conductance component of Y, is equal to G. = 1/R,. (2) Adjust the 
length of the stub to make the total] susceptance of the sum of Y, and Y, 
equal to zero. 

As an example of this procedure, let it be required to determine the 
location and length of the stub required to obtain a flat line to the left of 
the stub when the load admittance has the value indicated jn Pig. 284. 
Calculations may be carried out conveniently with the aid of the Smith 
chart as indicated in Fig. 28B. The point representing the per-unit load 
admittance y, is located in Fig, 28B at 


a 
L 


} 
VL= G., = tonic — (Os + j0.0175)100 = 4.25 + ETS 


and corresponds to the point at 0.236) on the Wavelength scale. A clock- 
wise rotation on a constant-p eircle (losses are negligible in the short line 
lengths considered) to the g = | cirele yields the value ¥1 = 1 — 71.80 as 
the per-unit admittance of the line at the stub location. Since yy Cor- 
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responds to 0.316\ on the wavelength seale, the stub ts located a distance 
x, = (0.316 — 0.236) = 0.08) from the load. The value of stub admuit- 
tance ye that makes the total susceptance zero at the stub ts ye = 0 + 71.80, 
and the corresponding value on the wavelength scale is 0.169. A shorted- 
end stub with the required input admittance has a length 


sy = (0.169 + 0.25)\ = 0.4190 


An alternative location for the stub is at the point corresponding to 
yy = 1 + 71.80. Use of this point places the stub at a greater distance 
from the load than does the point first chosen and therefore may be less 
destrable. 

Double-stub Transformer. The single-stub transformer ts not suitable 
for use with coaxial lines because of the difficulty of building a coaxial stub 
that can be adjusted in position. An 
alternate rmpedance-changing device, the 
double-stub transformer. provides two 
independent adjustments through use of 
twwo stubs, each stub bemg fixed in posi- 
tion and adjustable m length. Construc- 
tional details for a coaxtal-hne device of 
this form are indicated in Fig. 29. The 
length of each stub is adjusted by means 
of a movable plunger that makes contact : | 
with both the mner and the outer con- ] Le 
ductor and thus provides a short-cireurt yy. 99. 
termination. Thestubs may be separated 
by any distance less than a half wavelength; usually the separation dis- 
tance is three-erghths wavelength. 

Admittance relations mn the double-stub transformer may be explained 
by reference to Fig. 304, which for convenience in drawing depicts a 
parallel-wire system. Admittance Y, at the output terminals of the 
transformer may be the admittance of a physical load device or the input 
admittance of a line section that connects the transformer to the load. 
Admittances Y; and Y2 are the admittances of stubs | and 2, respectively ; 
Y, is the input admittance of line 3 (the hne section that connects the two 
stubs); and Y’;is the value of load admittance for the left-hand line section 
to be secured by adjustment of the transformer. 

Calculation of the stub lengths for a desired value of Y; depends upon 
the fact that each stub can alter only the susceptance component of the 
admittance at its terminals. Thus the desired susceptance component of 
Y. can be secured by means of stub 2, but the desired conductance com- 
ponent must be obtained through adjustment of stub 1. ‘The susceptance 
of stub 1 is adjusted so that the total load admittance Y, + Y, for line 3 

a 





Double-stub transformer. 
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provides the desired conductance component of admittance at the input 
terminals of lime 3. In terms of the Smith chart, stub | must be adjusted 
so that Y3 1s represented by some point on the circle of conductance 
g:, Where g; 18 the desired conductance component of Y,. Similarly, 
Yi + ¥z,, the load admittance for line 3, must have the same per-unit 
conductance g, as does ’, and must be represented by a point on the Jr 
circle. ‘The object, then, is to adjust stub 1 so that ¥; + Y, is repre- 
sented by a particular point on the g, circle which, when rotated through 
a clockwise angle corresponding to the length of line 3, lies at some point 
WARD CENERATOp 
= 


/w. ROTATED . 
/ o CIRCLE 


<G 









(A) CIRCUIT DIAGRAM (B) CONSTRUCTION ON SMITH CHART 


ic. 30. Example llustrating use of double-stub transformer. 


on the g; circle. Stub 2 is then adjusted to satisfy the susceptance 
requirement of J. 

As an example of the use of this calculation procedure, assume that the 
stub separation distance and the load admittance have the values indi- 
cated in Fig. 30A and that the stub lengths are to be chosen to yleld a flat 
line to the left of stub 2. The per-unit value of the load admittance is 
yx = 1.6 + 70.4, and thus the point representing the per-unit admittance 
yi - Yt must lie somewhere on the gz = 1.6 circle in Fig. 30B. The 
possible values of per-unit input admittance y; for line 3 are obtained by a 
clockwise rotation of each point of the g, circle through an angle corre- 
sponding to the 3¢ wavelength of line 3. By this rotation, the dashed 
circle in Fig. 30B is obtained. The desired value of admittance Ys must 
he on the circle g; = 1 indicated in Fig. 30B, g; being the conductance 
component of the per-unit admittance ¥i = 1 + 70 required to eliminate 
standing waves on the left-hand line section. Observe that the circles 
indicating desired and possible values for y3 intersect at the two points 
labeled ys and y5’ in the figure. Thus there are two possible ways to 
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adjust the stubs to eliminate standing waves, one corresponding to each 
of the points of intersection. 

For the point ys, the per-unit admittance value is 1.0 + 70.5, and thus 
in order that yr = ye + ys may be | + 70, the admittance ye of stub 2 
must. be —70.5, corresponding to a length of 


0.425 — 0.25A = O.175A 


The corresponding value of the admittance yi: + y, is obtained from the 
chart by rotating the y; point 3s counterclockwise along a constant-p 
circle to the gz = 1.6 cirele. The point y; + y. thus located is at 
1.6 — 70.19, and thus the admittance of stub 1 1s 


Hi = (yi + 92) — Or = (1-6 — 70g) — GL-6 st 02d) 
and the corresponding stub length 1s 
0.414 — 0.25A = 0.1640 


If gz, the per-unit conductance of the load in Fig. 380A, is increased to 2, 
the rotated g, circle in Fig. 30B becomes tangent to the g; circle, and only 
one adjustment of the stubs is possible. For values of gz greater than 2, 
the rotated g, circle does not intersect the g; circle, and a matched term1- 
nation cannot be obtained for any adjustment of the stub lengths. 
Standing waves can be eliminated only by moving the transformer along 
the line to a point where g_, 1s less than 2. 

The quantitative statement of the limitations of the double-stub trans- 
former with arbitrary stub separation is that the product of the per-unit 
load conductance and the desired per-unit input conductance cannot 
exceed the square of the cosecant of the angular distance between stubs. 
That is, if d 1s the distance between stubs, 


gigi & esc? Bd (69) 


The proof of Eq. 69 may be made by reference to Fig. 31. 

Figure 31 represents a circle of constant conductance drawn for an 
arbitrary value of g; with center at N and radius n = | /ic+g,;). A 
similar circle for g, rotated clockwise through the angle 26d to correspond 
to a stub separation 6d is shown with center M and radiusm = 1/(1 + g ie 
Because the two circles are tangent at point P, the diagram represents 
conditions when g; has the largest value for which the specified con- 
ductance g; can be produced by, a transformer using the separation angle 
Bd. The radius of the outside circle of the Smith chart is unity. There- 
fore, the sides of the triangle OM[N have the lengths indicated in the 
figure, and by the law of cosines 


(ieee a a n)* — 2(1 — m)(1 — n) cos 26d 
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By expanding the quantities in parentheses, combining terms and rear- 
ranging the result, this equation may be changed to 
l ] VE co-ezeq 


mn mn 1 — cos 26d (70) 


Expressing min terms of g; and nin terms of g; and making use of the 
trigonometric identity 
tai _1-— cos 0 
2 1+ cos @é 
in Eq. 70 yields | 


(hapa! =F 9) = Ul =eig,) = (1 =a) eee 
Thus 
gig. = cot? Bd + 1 = csc? Bd 


and because Fig. 31 is drawn for the maximum value of g,, Eq. 69 is 
proved. 
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Ite, 31. Diagram used in proof of Eq. 69. 


Equation 69 indicates that the range of conductance values with which 
the double-stub transformer can operate is least if the stub separation Is a 
quarter wave and increases if the separation distance is decreased toward 
zero or increased toward a half wave. Ordinarily separation distances 
less than a quarter wave are not possible because of the space require- 
ments of the stubs. hus spacings between a quarter wave and a half 
wave are necessary, and a distance of three-eighths wavelength is ordi- 
narily used. ; | 

Quarter-wave Transformer. The single-stub and double-stub  trans- 
former, as presented above, are adjustable devices that may be reset 


Arr. 15] IMPEDANCE-CHANGING DEVICES 529 
whenever the impedance of the load or the impedance required by the 
souree changes. Often the terminal impedances are essentially fixed, and 
no adjustment of the transformers is required subsequent to the original 
choice of dimensions in manufacture. A particularly simple form of non- 
adjustable impedance-changing device, suitable for use with cither 
parallel-wire or coaxial lines, is the quarter-wave transformer. ‘This device 
comprises a section of line a quarter wave in length of different character- 
istic resistance from the rest. of the line. By proper choice of the location 
and characteristic resistance of the transformer, arbitrarily assigned 
values of input impedance can be obtained. Usually the characteristic 
resistance of the transformer is less than that of the line itself, and the 
transformer is made by placing a close-fitting metal sleeve over the inner 
conductor of a coaxial line or over each conductor of a parallel-wire line. 

The input impedance of a quarter-wave transformer is shown in Art. 8 
(see Eq. 42, p. 499) to be R2/Z,, where Rf. is the characteristic resistance 
of the transformer and Z, is the load impedance for the transformer. 
Thus use of the transformer requires that the device be located so that the 
angle of the impedance desired at the transformer input terminals 1s the 
negative of the angle of the impedance presented to the output terminals 
of the transformer. The characteristic resistance of the transformer 1s 
then adjusted to satisfy the magnitude relationship. 
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(8) CONSTRUCTION ON SMITH CHART 


Fig. 32. Example illustrating use of quarter-wave transformer. 


As an example of the use of a quarter-wave transformer, consider the 
circuit of Fig. 32A. A 50-ohm line terminated in its characteristic resist- 
ance has a quarter-wave transformer near its input terminals. The 
characteristic resistance R,’ of the transformer and the distance d between 
transformer and the input terminals are to be chosen so that the input 
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impedance is 40 — 740 ohms, or 0.8 — 70.8 per unit. Because the load 
impedance for the transformer is the resistance R,, the input impedance 
4y of the transformer must also be resistive and must be represented on 
the Smith chart (see Fig. 32B) by a point on the horizontal axis. In order 
that the desired transmission-line input impedance may be provided, 
the point representing Z; must lie on the same p circle as the point 
z= 0.5 — j0.8. Thus the circle through z is drawn as in Fig. 32B, and 
the two pomts of intersection with the horizontal axis zp and 27’ are 
located. 

Either of these points of intersection may be used to determine R,’ and 
d, but only point zr yields a value of 2.’ less than /?, and thus permits con- 
structing the transformer by placing a sleeve over a line conductor. The 
clockwise rotation required to go from zr to z determines the distance d as 
0.361X, and the impedance at zr, 0.41 + 70 per unit, may be used to 
determine the value of R,’. Because of the relation Z = ive / 2 eo, 
quarter-wave transformer, #,’ must be the geometric mean of the imped- 
ances 1.0 and 0.41 per unit. Thus 2,’ has a per-unit value, referred to 
the 50-ohm line of 1/1 X 0.41 = 0.64, or PR,’ is equal to 32 ohms. 

Bandwidth of Impedance-changing Devices. In the above discussions of 
single-stub, double-stub, and quarter-wave transformers, operation at 
only a single frequency is considered. The desired impedance relations 
are not, in general, maintained at other frequencies because of the change 
In electrical length of line sections with change of wavelength. However, 
over a bandwidth of a few per cent, the change in wavelength is small, and 
the resulting errors in impedance values are for many purposes negligible. 
Bandwidth of impedance transformers is of interest in radar because of 
the extent in frequency of the spectrum of the radio-frequency pulses 
employed (see Art. 4, Chap. VI) and because of the variability of the 
frequency of practical transmitters. For many radar applications, the 
simple transformers discussed above provide adequate bandwidth, pro- 
vided high standing-wave ratios on electri ‘ally long lines are avoided. 

Impedance relationships may be controlled over wider bandwidths by 
the use of specially designed devices. One way of obtaining broad-band 
operation 1s by the use of several transformer sections that introduce a 
change of impedance gradually. For example, several quarter-wave sec- 
tions of slightly different characteristic resistances may be employed.! 
In general, the greater the number of the cascaded sections and the 
smaller the discontinuity at each junction, the less sensitive to frequency 
is the over-all device. <A tapered section of line one wave or more in 
length may be used to join lines of Uifferent values of characteristic resist- 
ance with little reflection at the junction over a wide frequency band. 


lJ. C. Snarer, Microwave Transmission, 56-78 (McGraw-Hill Book Company, 
Inc., New York, 1942). 
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16. Transmission-line Capacitance. Methods have been presented 
in the preeeding articles for determining the behavior of a transmission 
line if the charaeteristie resistance of the line and the speed of propagation 
and attenuation of waves on the Hne are known. Methods have been 
ceiver also for determinme the characteristic resistance, propagation 
speed, and attenuation in terms of the line parameters é, ¢, r, and g, the 
Inductance, capacitanee, conductor resistance, and dielectric conductance 
per unit length of the line. There remain to be presented m this chapter 
the methods of caleulating the line parameters from the dimensions and 
electrical properties of the conductors and dielectric of the line. 

In the determination of c, the eapacitance per-unit length of line, the 
conductors of a unit length of line are considered as plates of a capacitor, 
and the ratio of a charge placed on the conductors to the voltage produced 
between conductors is calculated. This ratio, which is the capacitance 
sought, depends upon the conduetor dimensions and the nature of the 
dielectric matertal between the conductors. Caleulation of the ratio 
requires a knowledge of the electric field in the dielectric, 

Relationships involving eleetric-ficld or magnetic-field quantities 
are considerably simplified if the rationalized mks system of units 1s 
employed. In this system the meter, kilogram, and second are the basic 
units of length, mass, and time, and 
a fourth fundamental unit 1s added 
for the specification of electromag- 
netic quantities. This fourth unit ts 
the coulomb, the unit of electric 
charge. The ordinary electric-cir- 
cuit units (watt, ampere, volt, ohm, 
farad, and henry) are derived from 
these basic units, and field-quantity 
units are obtained by combinations 
of the electric-circuit units with the 
units of length and time. 

Consider a coaxtal-line section of 
unit length having the cross section = Fic. 33. Cross section of coaxial line 
indicated in Fig. 33. The radius of SUOSIRE ChOCM ENS 
the outer surface of the inner conductor 1s 7, and that of the mner surface 
of the outer conductor is rz. Electric-field relations in this line section 
are to be determined as one step in the calculation of the line capacitance. 

Assume that a positive charge of g coulombs is placed on the outer 
conductor and an equal-magnitude negative charge ts placed on the mner 
conductor. These charges distribute themselves uniformly over the con- 





1A. E. Kennevy, “I.E.C. Adopts the MKS System of Units,” lec. Iing., 54 
(December, 1935), 1373-1384. 
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ductor surfaces and give rise to an electric field in the dielectric between 
conductors. The field can be described, as shown in this figure, by lines 
of electric flux directed from the positive charges to the negative charges. 
In the rationalized mks system, one line is drawn from each unit of charge. 
Thus the total flux W is measured in coulombs, the same unit as the 
charge. In Fig. 33, V is equal to g coulombs. 

Because of the symmetry of the coaxial conductors, the lines of electric 
flux are directed radially inward and are uniformly spaced both around 
and along the transmission line. These flux lines form a graphical 
representation of the electric-flux density, a vector quantity directed along 
the electric-flux lines and having a magnitude equal to the density of 
the lines. In Fig. 33, the flux-density vector varies in magnitude and 
direction from point to point of the dielectric. The magnitude is greatest 
where the flux lines are most concentrated near the inner conductor, and 
the direction changes with position around the line in such a way that the 
vector 1s always directed toward the axis of the cylindrical conductors. 

The magnitude D of the flux-density vector is measured (in mks units) 
in coulombs per square meter. For a point on a cylindrical surface of 
radius r between the two conductors (see F ig. 33), the value of D may be 
calculated as follows: The total flux Vv penetrating the cylindrical surface 
of unit length is g coulombs, and the area of the surface is 2z7 x1. The 
flux is uniformly distributed over the surface of the cylinder, and thus the 
flux density is 


a 
See 


V 
area 


Ms 


D = (71) 


Lo 


wr 


An alternate way of describing the electric field in Fig. 33 is in terins of 
the equipotential surfaces—surfaces on which the electric potential is 
constant. ‘lwo equipotential surfaces are the cylindrical surfaces of 
the conductors that bound the dielectric material. Because of the sym- 
metry of the system, other equipotential surfaces are intermediate 
cylinders coaxial with the conductors, such as the cylinder of radius r 
represented by a dashed circle in the figure. The electric-field entensity is a 
vector quantity related to the equipotential surfaces. The direction of 
the field-intensity vector is perpendicular to the surfaces, and &, the 
magnitude of the vector, specifies the potential gradient or rate of change 
of potential with distance along a line perpendicular to the surfaces. In 
mks units, & is measured in volts per meter. 

If the dielectric material for the line of Fig. 33 is space or any substance 
for which the dielectric properties are the same in all directions, the direc- 
tion of the field-intensity vector is everywhere the same as the direction of 
the flux-density vector, and the lines of electric flux represent the pattern 
of the field-intensity vector as well as that of the flux-density vector. In 
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fact, for dielectric material ordinarily employed in transmission lines, the 
two vectors differ only by a constant factor, and at each point of the 
dielectric 
D = && (72) 
where ¢ is a constant of proportionality called the permittivity of the 
diclectric. The units of ¢ are those of D/&, or in the mks system, 
Coulombs/square meter — coulombs/volt. 


a 


Volts/meter meter 





= farads per meter 


The permittivity of space is designated by éo and has the value 
eo = 8. Sod eat bam (F3)) 


From Eqs. 71 and 72, the electric-field intensity at any point of the 
diclectric for the line in Fig. 33 is found to have the magnitude 
v q 
= ioe - 
Were this value independent of r, the total voltage between conductors 
would be simply § multiplified by the distance between conductors. 
However, Eq. 74 shows & to vary inversely with the radial distance 7, and 
thus an integration is required in the calculation of total voltage. Con- 
sider the two equipotential surfaces of radi r and r + Ar indicated by 
dashed circles in Fig. 33. If Aris very small, & has very nearly a constant 
value everywhere between these cylinders, and the voltage between the 
surfaces is approximately 8Ar, where & is given by Eq. 74. The total 
voltage between conductors may thus be found by dividing the total 
distance into many small increments, such as Ar, and by adding the cor- 
responding small increments of voltage. The limiting value of the sum 
obtained as the lengths of the incremental distances are decreased 1s the 





integral 
Pe ee ee 
: [ ae [. a 3 |. 
or 
ed Ve 
é = ee In r (75) 


where e is the voltage between conductors. 
The capacitance c of the unit-length line is the ratio g/e, and thus 


Re pn 
e  (q/2ze) In (re/11) 
or 


2Tré 
a 16 
° In (72/171) “4 
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If the dielectric material is air or any other substance having a dielectric 
constant (ratio of ¢ for the substance to ¢9) of unity, ¢ may be replaced by 

é9 = 8.804 & 107! farad per m 
Ca ae f per m (7) 

In (12/71) HES | 

The capacitance of a unit length of parallel-wire line can be calculated 
by similar methods. The electric field is more complicated for the 
parallel-wire line than for the coaxial line and spreads out in all directions 
instead of being confined between the two conductors. The nature of 


(A) TOTAL FIELO 


XS 





do 


(8) FIELD COMPONENT DUE TO <@ (C) FIELD COMPONENT DUE To +Q 


Nia. 34. Electric field of parallel-wire line. 


the field is indicated by the sketch in Kig. 384A of flux lines in a transverse 
plane of the parallel-wire line. A simple relation for the capacitance of 
the line results when do, the distance between center lines of the con- 
ductors, is large compared with ro, the radius of each conductor. Charges 
of +g and ~—gq placed on the conductors of a unit-length line then have 
Itttle effect upon each other and distribute themselves uniformly over the 
conductor surfaces. Consequently, the total field can be considered to 
be the sum of the two symmetrical radial fields drawn in Figs. 34B and C. 
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The field surrounding the charged conductor in Fig. 345 has the same 
configuration as the field surrounding the inner conductor of the coaxial 
line in Fig. 33. The voltage between the charged conductor and a point 
at the center of the uncharged conductor is therefore given by Eq. 75, 
provided ry is replaced by do and ry by 7o. Beeause dq is much larger than 
ro, this voltage may be taken as a good approximation to the voltage 
between conductors due to the field of the charge —q acting alone. An 
equal voltage between conductors results from the charge +q, and 
because the fields due to the charges on the conductors are in the same 
direction, the total voltage e between conductors is twice either of the 
component voltages. ‘Thus 

Sesh de (78) 


We Toa 


and c, the eapacitanee per unit length of line, 1s 


Te 
— ~ In (do/ro) ae 
For a line having a dielectric material of unit dielectric constant, liq. 79 
becomes 
- 2s 
© Tn (da/To) 


17. Transmission-line Inductance. In the determination of , the 
inductance per unit length of a transmission line, a current is assumed to 
circulate in the line conductors, and the resulting magnetic flux that hnks 
the conductors is determined. The value of lis the ratio for a unit length 
of ne of the magnetic flux to the current linked by the flux. 

The magnetic-field quantities employed in the calculation are defined 
"na manner analogous to the definitions of the electric-field quantities. 
The magnetic field may be described by flux lines that represent the 
magnetic-flux density, a vector quantity directed along the flux nes and 
having a magnitude ® determined by the density of the lines. The unit 
for ® in the mks system is determined by reference to Faraday’s law which 
states: The electromotive force around a closed path in a magnetic field 1s 
proportional to the time rate of change of the magnetic flux that links the path. 
In the mks system, the constant of proportionality is unity, and thus the 
unit for the total flux @ is the volt-second. A special name, the weber, has 
heen assigned to this unit, but it should be remembered that the weber is a 
volt-second, and thus a magnetic flux that changes at the rate of one 
weber per second gives rise to an electromotive force of one volt. Flux 
density ® is measured in webers per square meter in the mks system. 

The magnetic field, like the electric field, can be described alternatively 
in terms of equipotential surfaces. The magnetic-field intensity 1s a vector 


upf perm (80) 
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having a direction perpendicular to the surfaces of constant magnetic 
potential and a magnitude 5¢ determined by the potential gradient, or 
rate of change of magnetic potential along a line perpendicular to the 
equipotential surfaces. The mks units of magnetic potential and mag- 
netic-field intensity are determined by reference to Ampére’s law: The 
magnetomotiwe force around a closed path is proportional to the current 
enclosed by the path. In the mks system, the proportionality constant is 
unity, and thus the unit of magnetie potential or magnetomotive force is 
the same as that of current, the ampere. Magnetic-field intensity is 
therefore measured in amperes per meter. 

For magnetic fields in space or in any material having the same mag- 
netic properties in all directions, the flux-density and _ field-intensity 
vectors are aligned at each point. Furthermore, except in ferromagnetic 
materials, the magnitudes of the two vectors have a constant ratio deter- 
mined by the material. That is, 


G3 = ps (81) 


where y is a proportionality constant ealled the permeability of the 
material. In the mks system, the unit of u, or G5, is 


Webers/square meter _ volt-seconds/ampere 
Amperes/meter meter 
volts/(ampere/seecond . 
2: volts/(ampere/second) = henries/meter 
meter 


The permeability of space is designated wo and has the value 
Ho — Sr X 107 henfy perm = Waal per m 


For materials ordinarily employed in transmission lines, the permeability 
is negligibly different from po. 

In a coaxial line the magnetic-field pattern takes the form of eoncentrie 
circles in the space between conductors, as indicated in Fig. 35.4. In this 
figure a current 7 is assumed to flow in the conductors, the outer-con- 
ductor current being directed into the page and the inner-conductor cur- 
rent out of the page. A magnetic field encircles the current in the inner 
conductor, and the direction of the field is related to the direction of cur- 
rent flow by the right-hand rule: A right-handed screw with its axis along 
a current-carrying conductor advances in the direction of current flow when 
rotated in the direction of the magnetic field surrounding the conductor. The 
magnetic field beyond the outer conductor of the line is zero because the 
net current encircled by any path entirely surrounding both conductors is 
ZeVO. 7 

At the high frequencies employed in radar transmission lines, the cur- 
rent is confined almost citirely to the inside surface of the outer con- 
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ductor and to the outside surface of the inner conductor. The magnetic 
Feld is therefore restricted to the diclectric space between conductors. 
The confinement of current to the conductor surfaces is called skin effect, 
and it is the result. of the magnetic field produced by the current. skin 
effect is explained in detail in the next articte in connection with the caleu- 
lation of transmission-line resistance. 


TTT LENGTH = 





(Ar CROSS» SECTICN (B) LONGITUDINAL SECTION 
Fic. 35. Magnetic field in coaxial line. 


The magnetomotive force around cach circular flux path in Fig. 354 is 
equal to the encircled current. Because of the symmetry of the line, the 
magnetic-field intensity has constant magnitude around the flux path, 
and therefore 


magnetomotive force — 2 (82) 
path length ur 





KO = 


where r is the radius of the flux circle. Thus the magnetic-field intensity 
of a coaxial line, like the electric-field intensity, varies inversely with the 
distance from the anis of the line. The magnetic-flux density @ at any 
point between conductors Is, by Eqs. 81 and 82, 


ut 
Darr 


Ce = (83) 

The total flux linking the current in a line section of unit length is 
obtained by dividing the space between conductors into a series of 
cylindrical shells of thickness Ar (see Fig. 35B) and by adding the fluxes 
‘neluded within each shell. The flux in any shell is approximately the 
product of ® by the cross-sectional area of the shell 1 X Ar, and the total 
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flux ? is therefore given by the integral 


ES re . . veo 
pl pl dr 
i ON ee / Sie = 5. | at 
ry Jr, amr Ne Ae eth 


p =f ino (84) 


Or 


Because this flux links the current 7, the inductance of the unit-length line 
section 1s ®/1, or 


—— Sail “ (85) 
Because, for materials normally used as the dielectric in transmission lines, 
uw Is very nearly equal to po, 
ry : 
{= 0.2 ln— uh per m ($6) 
ry 


The magnetic-field pattern in the transverse plane of a parallel-wire line 
is drawn in Fig. 36. As in the coaxial line, the flux at high frequencies 


AH 





Fig, 36. Magnetic field of parallel-wire line. 


may be considered to be entirely outside the conductors because of skin 
effect. The flux linking the line current is the flux between conductors 
and, for the condition that r) is much less than do, is the sum of the com- 
ponent fluxes between conductors set up by the two conductor currents 
acting separately. The component flux patterns consist of concentric 
circles about each conductor, and therefore the flux between wires due to 
a current 2 in one conductor may be obtained from iq. 84 by replacing 
re/71 by do/7o. The total flux @ is tivice the value thus obtained; that 1S, 

i ee do 

i ns 
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The inductance per unit length of line is therefore 


cp ei dL) 
= — = — |i — 7 
l rig ro (87) 
or, if the permeability is that of space, 
dy 
l= OFeh = uh per m (88) 


ry 


18. Transmission-line Resistance. The resistance of a conductor 
depends upon the resistivity of the material, the length and cross section 
of the conductor, and the distribution of the current in the cross section, 
In d-c ecireuits, current is uniformly distributed throughout the cross 
sections of conductors, and the resistance of a unit length of conductor of a 
civen resistivity depends upon the cross-sectional area of the conductor. 
In ace circuits, the changing magnetic flux associated with the current 
causes a nonuniform eurrent distribution and increases the effective 
resistance of the conductor. This effect, known as skin effect, takes an 
extreme form at the high frequencies associated with radar transmission 
lines and forees the current to flow almost entirely in a thin layer near the 
surface of the conductor. Thus the high-frequency resistance of a con- 
ductor is determined by the dis- 
tance around its cross section, 
rather than by the cross-sectional 
area. 

Figure 37 shows part of a long- 
tudinal section of a transmission 
line having closely spaced conduc- 
tors. Thearrows in theconductors 
indicate paths of current flow, and 
the crosses represent magnetic flux Fic. 37. Longitudinal section of trans- 
directed into the page. Because inission line showing current-flow lines and 
the current is not restricted com- Rssom tor! wummnonc held 
pletely to the surface, the magnetic field penctrates the conductors to 
some extent. Thus a current path far inside the conductor 1s linked by 
more flux than is a current path near the surfacc, and a greater induct- 
ance is associated with the internal path. Because of this rarration of 
‘nductance with distance from the surface, an alternating current in the 
conductor becomes less in magnitude and more lagging in phase as the 
depth of the path increases. At low frequencies, variations in the current 
magnitude and phase over the conductor cross section are shght. How- 
ever, increasing the frequency increases the reactance of the inductance 
and thus increases the effect until, at radar frequencies, the current is 
confined to a thin shell at the surface. 

P 





e CURRENT 
x FLOW 
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The current distribution in the conductor may be considered the result 
of a highly attenuated wave that propagates from the conductor surface 
into the body of the conductor. The amplitude of the current density 
decreases exponentially with distance beneath the surface as indicated by 
the solid curve in Fig. 38, and the phase changes linearly with distance. 
Lhe distance 6, called the skin depth, is analogous to the time constant of 
an exponential function of time; that is, at a depth 6, the current density 
has decreased to a value which is 1 /e times its surface value. The current 
at this depth lags the surface cur- 
rent by 1 radian. 

Another interpretation of 6 is 
indicated by the dashed rectangular 
curve in Fig. 38. It can be shown! 
that the actual current-density dis- 
tribution can be replaced by a ficti- 
od tious current density of constant 

DISTANCE FROM suRFace magnitude and phase in a surface 
function of distance fom the aurtge ot et of thickness 6 with no change 
a Seer ar: in the total current or total power 

loss, provided the fictitious current 
density is 1/./2 times the actual current density at the surface. The 
equivalent current distribution is convenient for calculating transmission- 
line resistance. 

The magnitude of the skin depth is given by the expression 


§ = Vz5 (89) 


where f is the operating frequency, p is the resistivity, and u. the perme- 
ability of the conductor material (the subscript ¢ is used to distinguish p, 
from the symbol » employed for permeability of the dielectric in Art. 17). 
As an example of the magnitude of 6 at radar frequencies, consider a 
copper conductor for which p is 1.72 * 10-8 ohm-meter and Me IS Very 
nearly the permeability of space, 4a & 1077 henry per m. Substitution 
of these values into Eq. 89 yields for the value of 6 approximately 
0.00026 in. at 100 Meps and 0.00005 in. at 3,000 Meps. The skin depth is 
therefore very small relative to normal conductor thickness, and the 
effective cross section is the conductor perimeter multiplied by the skin 
depth. 

For a coaxial line of conductor radii 7; and rz, the effective cross section 
of the inner conductor is 27r;6 and éf the outer conductor, 27r.6. For the 
parallel-wire line having two circular conductors each of radius 79, the 


i. A. Waeeiter, “Formulismor the Skin Effect,’ Proc. I.R.E., 30 (September, 
1942), 412-424. 
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effective cross section of each conductor is 276. Thus the resistance 7 
of a unit length of coaxial line Is 


p p ie | 5 
, 2 = a! ‘ee 
27710 T 27720 276 (2 ™ Me 


i lia ll [pues 
— “a 2 + A \ T (90) 


Similarly, for the parallel-wire line, the resistance per unit length 1s 


ats 2 — ¥  jonal 
_ 270 (2 v +) ar v 1) 


Note that the inner conductor of a coaxial line contributes the greater part 
of the resistance because of its smaller perimeter. 

Because conductor surface areas are limited by physical considerations, 
low-resistivity materials are necessary for low-loss, high-frequency trans- 
mission lines. Copper and brass are the usual conductor materials, and 
brass conductors are often silver plated. Because of the small skin 
depth, even a very thin plating is effective. At high frequencies, a reduc- 
tion in resistivity is less effective in reducing conductor resistance because 
it is accompanied by a decrease in skin depth. ‘Thus at frequencies for 
which the depth of penetration is small, resistance varies as the square 
root of the resistivity; at low frequencies, where the entire cross section Is 
effective, resistance varies directly with the resistivity. 

19. Characteristic Resistance, Propagation Speed, and Attenuation. 
The parameters upon which the operating characteristics of a transmis- 
sion line of small loss are directly dependent—the characteristic resistance 
R., the speed of wave propagation v, and the attenuation constant a—may 
be determined in terms of line dimensions and materials through use of 
the relations for capacitance, inductance, and resistance developed in the 
three preceding articles. 

For a coaxial line the values of ¢ and | of Eq. 76, p. 533, and kq. 85, 
p. 538, apply. Thus the characteristic resistance Is 


L i u i) 
: — ae rt a a Q2 
“ A: Die i! r| (92) 


and the propagation speed is 


Or 





I it 


a 
Vic Vue 


For a parallel-wire line, aq. 79, p. 9309, and Eq. 87, p. 539, yield values of 





(93) 
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candl. Therefore, 


Pose J! In (94) 
T Ne 8 Fo 
and v has the value given by Eq. 93. 

The attenuation constant a (see Eq. 60, p. 517) is Lo(r/R. + gh.). 
The value for g has not been calculated in the preceding articles. How- 
ever, in a special case of particular interest—-that of lines usINg air or an 
insulating gas as the dielectric—the dielectric lasses are so small relative 
to losses in the conductors that g may be taken to be zero. For coaxial 
lines, values of r from Hq. 90, p. 541, and PR, from iq. 92 yield (for g = 0) 


= | el/r,»+ 1 Po A 2 
mas ign VP ad 


For parallel-wire lines, Eq. 91 and liq. 94 yield values of r and fee, pan 
cig) 


2) ie or a , 
nr 2 me Uo In (do/7o) V ef mn 


These equations are particularly useful with transmission lines com- 
prising rigid parallel-wire or coaxial conductors and an alr or insulating- 
gas dielectric. Not only is the assumption g = 0 allowable, but also the 
empty-space values of permittivity and permeability may be employed. 
For w and p, each equal to wo and ¢ equal to éo, Eqs. 92 through 96 become. 
in mks units, 

For the coaxial line: 





ie = ein Z ohms (97) 
] 


l/ri + Vfre 
— .) =< 5 B » * 
Co 7.54 10 er / pf nepers per m (98) 


For the parallel-wire line: 


ite lO as ohms (99) 
0 
a = 2.64 X 10-8 VM eof (100) 


a ry In (do/7o) 


For the coaxial and parallel-wire lines: 


" = 2.998 K 108 m per sec (101) 
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That the speed of waves on both coaxial and parallel-wire hnes is the 
speed of light is one manifestation of a general principle further lustrated 
in the next ehapter: All transverse electromagnetic waves (waves In 
which the electric and magnetic fields are both perpendicular to the 
direction of propagation) travel through empty space with the same 
speed, 2.998 X 108 m per sce. 

As an example of the values obtained from Eqs. 97 through 100, con- 
sider a 15€-in. rigid coaxial line having a 3¢-in. inner-conductor and a 
0.049-in. outer-conductor wall. Assume that the conductors are brass, 
the diclectric is air, and the operating frequency is 3,000 Meps. The 
‘nside radius of the outer conductor is 0.764 in. (0.0194 m), the outside 
radius of the inner conductor is 0.313 in. (0.00794 m), and the resistivity 
of brass is 7.02 X 10-8 ohm-meter. The characteristic resistance of the 
line 1s, by kuq. 97, 


0.0194 


SS = Os 
0.00794 


i. = 60 in 


and the attenuation constant, by Eq. 98, 1s 


/0.0194 + 1/0.00794 a5 5TH CT KI 
In (0.0194/0.00704) < V 172 X 10° X38 X 10 


= 0.00786 neper per m = 0.0682 db per m 


a = Qik x 10-"x< 


Measured characteristics of rigid lines may differ slightly from the 
ealculated values. Especially, the attenuation may be greater because of 
the effect of minor irregularities such as stub or bead supports, joints, and 
bends in the line. 

The equations of this article are less useful with flexible coaxial cables 
using solid dielectrics than they are with rigid gas-insulated lines. One 
reason is that the value of the dielectric constant of the solid dielectric, 
which is considerably greater than unity, must be known before A, ov v 
can be calculated. Another reason is that the attenuation is considerably 
increased by dielectric losses and by the increased conductor losses caused 
by the braiding of the outer conductor. Because tables of the conductor 
and dielectric properties must in any event be utilized, 1t 1s convenient to 
tabulate the final results directly. Some physical and electrical proper- 
ties of flexible cables ordinarily employed in radar are indicated in Table 1, 
the Army-Navy type numbers being used to designate the cables. Note 
that, because Ff, equals v/l/c and v equals 1/+/le, 





Ve (102) 
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Therefore, the propagation speed can be determined from the values of 
capacitance and characteristic resistance listed in the table. 


TaBLE |. PROPERTIES OF SOLID-DIELECTRIC COAXIAL CABLES 
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Physical properties Klectrical properties 
ne 
Nominal \ oF Nominal | | : Maximum 
as charac- Attenuation 
L'y pe over-all | Outer ae capact- operating 
. teristic at 10 cpr 
No. diameter, | braid ; tance, voltage, 
“7 | impedance, f If db/100 ft eeu 
in. A lft bu rms kv 

RG-5/U ro a7 Double 5520 28.5 20 20 
RG-8/U 0.405 Single Sy 7lv 20.9 18 4+.0 
RG-9/U 0.420 Double one 30.0 18 4.0 
RG-10/U* 0.475 Single 52.0 ZOR5 18 4.0 
RG-14/U 0.545 Double 52.0 PALES: 14 Dae 
RG-17/U 0.870 Single 52 .0 Zon was | Wel 
RG-18/U* 0.945 Single 02.0 ZED 9.6 11.0 
RG-19/U Lalo Single 52.0 PRUs: 53 14.0 
RG-20/U* al Single 52.0 29.5 8.3 14.0 
RG-55/U 0.206 Double | 953.5 So 34 1.9 
RG-58/U 0.195 Single | 53.5 28.5 34 | 1.9 
RG-74/U 0.615 |, Double | 52.0 |] 29.6 | 8) ee 
eee 


* Armored. 


CHAPTER VIII 


WAVEGUIDES 


In the preceding chapter the two-wire {ransmisston line was discussed 
as a means of guiding radio-frequency power from one point to another. 
In this chapter 1t will be shown that two conductors are not always neces- 
sary in order to transfer radio-frequency power between two pomts mn 
space. <A single conductor, usually in the form of a metal pipe or wave- 
guide, is sufficient if the frequency is high enough, and in the microwave 
region the waveguide is often preferable to the two-wire line. Even the 
single conductor is not essential for the transfer of radio-frequeney power ; 
4 dielectric rod can serve to guide waves from one point to another. 
However, the dielectric rod has the disadvantage of lower efficiency than 
the metallic conductor, and except in a few very specialized applications, 
only the metallic conductor is of practical nmportance. 

A two-wire transmission line may be analyzed conveniently in terms of 
the ordinary electric-circuit quantities of voltage, current, and imped- 
ances. However, in a description of waveguide operation, the electric- 
circuit concepts are of httle use because of the complicated manner 1n 
which the voltage and current are distributed in the guide. A more con- 
venient approach makes use of the electric and magnetic fields within the 
guide. 

1. Applications and Advantages of Waveguides. Waveguides perform 
the same functions in radar as do two-conductor transmission lines; that 
is, they serve to transfer radio-frequency power from the transmitter to 
the antenna during the transmission of pulses and from the antenna to 
the receiver during the reception of echoes. Waveguides are used 
principally at frequencies in the microwave region; inconveniently large 
euides would be required to transmit radio-frequency power at the longer 
wavelengths. 

It is possible to propagate within a waveguide several different types of 
electromagnetic waves, each of which 1s characterized by a different 
electric- and magnetic-field configuration. Associated with cach wave 
type is a cutoff frequency below which, for a given size guide, propagation 
becomes impossible. In general, the larger the guide, the lower is the 
cutoff frequency of each type of wave. 

The wave with the lowest cutoff frequency is called the dominant wave. 
Normally, radar systems use rectangular waveguides with dimensions 

545 
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chosen so that only the dominant wave is propagated. For a rectangular 
guide a stmple relation exists between the cutoff frequency of the domi- 
nant wave and the mside width of the guide. If the inside width is 
denoted by a, as in Fig. 1, and if c is the speed of electromagnetic waves in 
space (3 X 10° m per sec), the cutoff frequency f.. is c/2a. Since the cor- 


ad 


responding free-space wavelength \.o is C/feo, 
Mea 2 (1) 


Thus, to transmit the dominant wave, a rectangular guide must have a 
width of at least one-half the free-space length of the wave. The b, or 
shorter cross-sectional, dimension is not critical ; usually it is made about 
one-half the longer dimension. 

‘To ensure that only the dominant wave is 
propagated, the cross-sectional dimensions 
of the guide must be maintained near the 
Tae mimumum allowable values. Higher order 

[+] q—______. waves may be propagated if the a dimension 
Fig. 1. Cross section of a exceeds do, the free-space wavelength, or if 
oo showing the b dimension exceeds \o/2. In practice a 

| is usually about 0.7. and b about 0.35Ap. 
To transmit a 10-cm Wave, for example, a rectangular waveguide must 
have a width greater than 5 em and ip practice 1s made about 7 cm 
wide. A typical section has outside dimensions of 3 by 116in. Fora 
3-cm Wave, a smaller cross section is used. A standard size is 1 by 1% in. 

Where a circularly symmetrical field pattern 1s required in a waveguide 
transmission system, as, for example, at a rotary joint (Art. 3, Chap. XIT), 
a section of circular waveguide is substituted for the rectangular guide. 
The 10-cm circular guides used for this purpose have diameters of 
approximately 3 in., and for similar 3-cm guides the diameter is about 1 in. 

Waveguide dimensions for operation at 10 cm and below are therefore 
entirely reasonable, but for longer waves the size required is impractical. 
The equivalent of the 3-in. rectangular guide for 10-cm waves would have 
to be 30 in. (2.5 ft) wide if the wavelength were 1 m and 25 ft if the wave- 
length were 10 m. 

In waveguides the electric and magnetic fields are confined to the space 
within the guides. Hence, no power is lost through radiation, nor is 
dielectric loss of any practical Importance, since the guides are hormally 
air-filled. With respect to radiation and dielectric loss, therefore, air- 
filled coaxial lies and waveguides are equally efficient. The over-all 
attenuation of a waveguide is lower, however, because at a given fre- 
quency the power lost as heat in the walls of a standard-size waveguide is 
less than the power dissipated as heat in the conductors of conventional- 
size coaxial lines. For example, at 10 cm the attenuation of a standard- 
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size (15¢-in. outer conductor, 5g-in. inner conductor), roid, stub-sup- 
ported coaxial line made of brass is nearly 0.07 db per m (see Art. 19, 
Chap. VIL), whereas a 3- by I-in. waveguide of the same material has an 
attenuation of only 0.04 db perm. Increasing the size of the coaxial line 
to decrease the attenuation is not permissible because of the possrbility 
of transmitting higher order types of waves. 

Another advantage of waveguides is that their peak power eapacity Is 
ereater than that of eoaxial lines. “This advantage is especially important 
at 3-em. where the size of the coaxial line must be kept small m order to 
ensure transmission of only the principal wave. The maximum peak 
power that ean be transmitted by a Ty-in, stub-supported line at 3 ¢m Is 
about 360 kw. The corresponding power for a l- by 'y-tn, waveguide Is 
1 Mw. 

Waveguides have the further advantage of being simple in construction 
because no inner conductor or conductor supports are needed, They are 
also more rugged than coaxial lines, the inner conductor of wlach may 
become displaced or even damaged by vibration or shock. 

Fither coaxial lines or rectangular waveguides may be employed in 
10-em radar systems. The coaxial line is preferable because of 1ts com- 
pactness if the low attenuation or high-power capacity of the waveguide Is 
not required. On the other hand, the waveguide is used if the distance 
from the antenna to the rest of the radar set is so great that low attenua- 
tion is important or if peak power of the order of several megawatts must 
he transmitted. At 3 and 1 em, waveguides are used almost exclusively. 
At these wavelengths, waveguides are compact, ther attenuation is lower 
than that of coaxial lines, and their power capacity 1s higher. 

9. Basic Electromagnetic-wave Concepts—The Parallel-strip Trans- 
mission Line. In preparation for the study of waveguides, it is desirable 
to consider the relation of waves of electric- and magnetic-field intensities 
to waves of voltage and current on transmission lines. A special form of 
line, the parallel-strip line pictured in Fig. 2A, is useful for this purpose 
because of its simple geometry. 

The line of Fig. 24 comprises two parallel flat-plate conductors of 
width wand spacing h. For simplicity, the line is considered lossless; the 
conductors have zero resistance, and the dielectric has zero conductance. 
Incident and reflected waves of voltage and current may be propagated 
along the line in the manner described in Chap. VII. Consider that 
sinusoidal waves are traveling from left to right in Fig. 24, and let the 
voltage between conductors and the current in either conductor at any 
cross section be denoted by e and 2, respectively. 

The two conductors are equivalent to two plates of a capacitor. 
Charges appear on the inner surfaces of the conductors, and an electric 
field is present between conductors because of the voltage e. The charge 
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and the field at any cross section increase and decrease in phase with the 
voltage at the section, and the pattern of the field is indicated by the solid- 
line arrows in Tig. 26. If wis much larger than h, the electric field is 
uniform, except for a fringing effect near the edges of the strips. As 
explained in Art. 16 of Chap. VII, the intensity of the uniform electric 
field is 


g=- (2) 


where, in rationalized mks units, ¢ is in volts, h in meters, and & in volts 
per meter. Algebraic signs are chosen in Eq. 2 on the basis that, when 
the voltage of the upper conductor is positive, the electric held, which is 
directed downward, is also positive. 
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(A) PICTORIAL REPRESENTATION (8) CROSS SECTION 
Pic. 2. Parallel-strip transmission line. 


Current in the conductors causes a magnetic field to encircle each con- 
ductor. The direction of the field is related to the direction of the current 
by the right-hand rule (p. 536), as indicated by the dashed-line arrows of 
Fig. 26. Because of the plane geometry of the conductors, the magnetic 
field is uniform in most of the region between conductors, as shown. 
Because the conductors are assumed to have no resistance, the skin 
depth (p. 540) is zero, and the current flows entirely in a sheet of zero 
thickness at the surface of the conductors. The magnetic field, as well as 
the electric field, is thus prevented from entering the conductors. 

The relation of 3¢, the intensity of the magnetic field, to the current in 
the conductors may be determined by means of Ampére’s law (p. 536). 
In Fig. 25, the rectangular loop ABCD encircles the portion of the sheet 
of surface current between points F and E. If g stands for the lznear 
density of the surface current, that is, the current per unit width of the 
path of flow, and Aw is the width of the rectangular loop, then gAw is the 
encircled current. Algo, since sides B C’, CD, and DA of the loop lie either 
in a region of zero field or perpendiéular to the magnetic field, the mag- 
netomotive force around the loop is entirely due to the field along side AB 
and is Aw. Thus Ampére’s law states that 4 equals the lnear density 
of the surface current. This result is true in general: At the boundary of 
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a perfect conductor and a perfect dielectric, a magnetic field parallel to the 
boundary ts always associated with a current at the surface of the con- 
ductor. The field is perpendicular to the direction of flow of the current 
and equal in magnitude to the lmear density of the current. 

In Fig. 26, if w is much larger than A, the umform magnetic-field 
intensity between conductors is much stronger than the field intensity m 
the spaee outside the conductors. Correspondingly, the current 1s 
restricted almost entirely to the inner surface of the conductors, so that 


for all practical purposes § = 7/w. Thus 


=e (3) 


where, in rationalized mks units, 7 is In amperes, win meters, and 5c and J 
in amperes per meter. The positive reference direction of 2 1s outward 
from the page in the upper conductor in Fig. 2B, and the positive reference 
direction of 3C 1s to the night. 

The voltage and current distribution along a parallel-strip line at a 
single mstant is illustrated in Fig. 3B. Equations 2 and 3 show that at 
each point along the line the electric-field intensity is proportional to the 
voltage and the magnetic-field intensity 1s proportional to the current. 
Thus, if the voltage and current waves are of the form 


e = E,, cos (wt — Bos) (4) 
and 
1 = Ip cos (wl — Bos) (5) 


corresponding waves of electric- and magnetic-field intensity may be 
expressed as 


oS : = a cos (wl — Bos) = Em Cos (wi — Bos) (6) 
—— . = “2 cos (wt — Bos) = Hn» cos (wl — Bos) Ce) 


In these equations, /,, and 7,, are the peak values of the voltage and 
current waves, &, and 3C, are the peak values of the electric- and mag- 
netic-field-intensity waves, w and Bo are, respectively, the angular fre- 
quency and phase constant of the waves, and sis the distance indicated in 
Fig. 34. Electric- and magnetic-field-intensity waves are drawn in Fig. 
3C for the instant for which the voltage and current waves of Tig. 3B 
apply. Note that the variations in & and 3C along the line are identical 
with those of e and 7 except for scale factors. 

The electric-field and magnetic-field waves described in Fig. 3C and 
Eqs. 6 and 7 are represented more pictorially in Figs. 44 and B. The 
diagrams of Fig. 4A make use of the unit ormity of the & and 3¢ fields in a 
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direction perpendicular to the conductors and show the magnitude of & 
and 3C as a function of position in a plane parallel to the conductors, the 
distance between the curved surface and reference plane in the drawing 
being proportional to the quantity represented. The diagrams of Fig. 4B 
show both magnitude and direction of the fields in three perpendicular 
sections of the hne. The usual scheme of mdicating direction of vectors 
by directions of lines and magnitude of vectors by closeness of spacing of 
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(B) VOLTAGE AND CURRENT WAVES 





(C) ELECTRIC-FIELD AND MAGNETIC-FIELD WAVES 
hig. 3. Waves on a parallel-strip transmission line. 


the lines is employed, solid lines being used for the electric-field vectors 
and dashed lines for the magnetic-field vectors. 

An important parameter associated with the voltage and current waves 
is the characteristic resistance of the line k,, which is the constant ratio 
that exists between the voltage and current at any cross section of the line 
for any traveling wave. An equally important parameter associated with 
the field-quantity waves is the characteristic wave impedance Z,, which is 
defined as the ratio of & to 3 in any cross section of the line. Because of 
the relations of Eqs. 2 and 3, & and 3C have the constant ratio 
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where Land ¢ represent, respectively, the inductance per unit length and 
‘apacitance per unit length of the tine, 

Beeause of the simple geometry of the parallel-strip line, / and ¢ are 
sasily calculated. The capacitanee c of a unit leneth of Ime ts the 
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Fic. 4. Representations of electric and magnetic fields in parallel-strip lines. 


capacitance between two plates of area w X l units and separated a dis- 
tance h; therefore, 


c= é- (9) 
where ¢ is the permittivity of the dielectric medium between plates. 


Similarly, the inductance / results from a magnetic flux & linking the 
conductor of a unit-length section pf line. ‘lhe flux equals the flux 
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density w3iC multiplied by the area h X 1, and 


h 
peo, ey (10) 


1 1 1 W 


In this expression, » is the permeability of the dielectric medium. 
Substitution of the values of 1 and ¢ into iq. 8 yields for Z, the value 


h v(“) 3 q ‘| 


Ce a 


(11) 


W 
y ae 


In rationalized mks units, Z, is the ratio of volts per meter to amperes per 
meter and is thus measured in ohms. 

Characteristic wave impedance may be considered an analogue of 
characteristic resistance in the same sense that & is an analogue of e and 3¢ 
an analogue of 7. Because the time variations of & and 3 in the traveling 
wave of Fig. 4, like those of e and 7, are in phase at each cross section of 
line, Z. is the analogue of a purely resistive impedance. It must be 
remembered that Z., though measured in ohms, ts the ratio of electric- 
field intensity to magnetic-field intensity and is therefore not an imped- 
ance in the usual circuit sense of a voltage-to-current ratio. In the text, 
the term wave impedance and the script letter Z are used to designate 
ratios of & to%#. The unmodified word ~wmpedance and the italic letter Z 
are reserved for the ratio of the circuit quantities e and 7. 

The need for distinguishing between impedance and wave impedance 
is illustrated by the following example: All parallel-strip transmission 
lines employing the same dielectric materia] have the same characteristic 
wave impedance Z, = +/u/z. This fact does not mean that any two of 
these lines can be joined without a mismatch occurring at the junction. 
To avoid mismatch, the line dimensions must be chosen so that the 
characteristic resistance is the same for the two lines joined. 

It is significant that Z, for the waves of lig. 4 (and, in fact, for all 
transverse waves, see Art. 3) depends only upon the constants p and ¢ of 
the dielectric material through which the waves travel. The ratio 
Vu/e is called the intrinsic wave impedance of the dielectric and is 
denoted by Z;. For the waves of F ig. 4, the characteristic wave imped- 
ance, which is a property of the wave, equals the intrinsic impedance, 
which is a property of the dielectric. Other types of waves are important 
In waveguides for which this statement 1s not true (see Art. 13). For air 
as a dielectric medium, » and ¢ have: essentially the same values as for 
Space; that is, uw = po = 49 X 1077 henry per m, and 


¢ = 9 = 8.854 & 107! farad per m 
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The intrinsic impedanee of air or space Is 


Lo eee A) 
Zi a a . [iw we | 
Rp VS8.854 & 107" 377 ohms (12) 


Another important parameter associated with traveling waves Is the 
speed of propagation. For the voltage and current waves and therefore 
for the field-intensity waves, this speed is 1/+/lc, where l and c, the per- 
unit-length inductance and capacitance of the line, are given by Isqs. 9 
and 10. The speed of propagation v for air-dielectric lines is therefore 


f l 1 
\/lc \/ (toh /w)(eqw/h) y \/ 0&0 


y = 


= 2.998 & 108m per see (13) 


and equals the speed of light in space. This same result was obtained for 
waves on parallel-wire lines and in coaxial lines in Art. 19 of Chap. VLL. 
For transverse Waves on uniform two-conductor lines having conductor 
eross sections of any shape, this same speed of propagation apphies. 

The product of ¢ and 7, the instantaneous voltage and current at any 
point of the parallel-strip line, is p, the instantaneous power transferred 
at the point of the line. Just as e and 7@ have their field-quantity 
analogues in & and 3c, so also does p have a field-quantity analogue, 
the Poynting vector &. By definition, the Poynting vector has a magni- 
tude equal to &3¢, the product of the instantaneous ralues of electric- and 
magnetic-field intensities, and is perpendicular to the vectors representing 
the electric and magnetic fields. The direction is determined by means 
of the right-hand rule—a right-handed screw with its axis perpendicular 
to the electric and magnetic field would advance in the direction of § 1 
rotated in the direction in which the electric-field vector would turn mn 
moving toward the magnetic-field vector. If the Poynting vector were 
drawn on the diagram of Fig. +B, it would have the same direction at all 
points of the line, the direction being that in which the waves are travel- 
ing. The magnitude of the vector over any cross section would be con- 
stant, but because & and 35¢ vary with time and distance along the line, 
the magnitude of § would likewise vary with these quantities. 

The Poynting vector specifies the power per unit area transmitted 
through a surface perpendicular to the vector. Since the magnitude of § 
is constant throughout a cross section of the parallel-strip line, the rate of 
energy flow through each unit cross-sectional area is §3C, and the total 
instantaneous power transmitted through the entire cross section 1S 
sie KX hw = Sh X Kw. The quantity Sh X 3Cw equals e X 7, so that the 
total instantaneous powers determined through use of field and eireult 
quantities are in agreement. The total average power transmitted, in 
terms of circuit quantities, is the product of the rms values of the voltage 
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and current waves, or (Em/+/2)(Imn/+/2) = “Elm. Similarly, the 
average power per unit of cross-sectional area transmitted by the field 
waves 18 14&,,5Cn. 

The presence of waves of electric- and magnetic-field intensity between 
conductors of the parallel-strip line suggests a concept of transmission- 
line operation somewhat different from the circuit concept presented in 
Chap. VII. If emphasis is placed upon the electric and magnetic fields 
which surround the conductors, power may be considered to be trans- 
mitted, not because current flows in conductors between which a voltage 
is present, but because electromagnetic waves move through space. 
Interest is therefore focused upon the space between conductors in which 
the fields are located. Conducting surfaces play the less significant but 
still important role of guiding the waves to their destination and of pro- 
viding impenetrable boundaries through which the waves cannot pass. 

3. Types of Electromagnetic Waves. The waves in the parallel-strip 
transmission line are only one simple example of the many forms that 
electromagnetic waves may take. When the conducting boundaries have 
a less simple shape, a great variety of more complex field patterns is 
possible. The waves of the parallel-strip line may be described as plane, 
transverse, linearly polarized, electromagnetic waves. <A discussion of 
these terms will serve to illustrate the various types of waves that are 
possible. 

Plane Waves. Electromagnetic waves may be classified in accordance 
with the shape of their equiphase surfaces, or wavefronts. An equiphase 
surface is the locus of points at which the fields are in the same phase of 
their cycle of variation. The direction of propagation is perpendicular to 
the equiphase surfaces and consequently varies from point to point if the 
surface 1s not plane. Lines marking the direction of propagation in 
various parts of the wave are called rays. In Fig. 4B, the equiphase 
surfaces are plane and transverse to the longitudinal dimension of the 
line, and the rays are all parallel horizontal lines directed from left to right. 

Plane waves can be produced by a source spread over a plane of infinite 
extent. The wavefronts are then parallel to the plane of the source. 
Other types of waves include cylindrical waves, which spread out radially 
in two dimensions from a line of sources of infinite length, and spherical 
waves, which radiate radially in three dimensions from a& point source. 

Lransverse Waves. A plane tangent to an equiphase surface and there- 
fore perpendicular to the direction of propagation 1s the transverse plane 
for a point in the wave. <A wave for which both the electric- and mag- 
netic-field vectors lie in the transverse plane is a transverse-electromaynetic 
wave (often abbreviated THM wave). If only one of the field vectors lies 
m the transverse plane, the wave is either a transverse-electric (TE) or 
transverse-maynetic (71) wave. Waves in which both vectors have com- 
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ponents outside the transverse plane exist, but it 1s always possible to 
separate these waves Into component TE and TM waves and to consider 
the components separately. 

Both field vectors for the wave of Fig. 4B are perpendicular to the 
direction of propagation. The wave ts therefore completely transverse. 
Completely transverse waves cannot be propagat ed within a waveguide, 
but both transverse-cleetric and transverse-magnetic Waves are possible. 

Linearly Polarized Waves. If the components of the electric and mag- 
netic fields in the transverse plane do not change 1m direction from instant 
fo instant or from point to point, the wave is lznearly polarized. ‘Lhe 
transverse wave of Fig. 4B is linearly polarized because, as the wave 
moves betiveen the conducting plates, the electric-field vector is always 
perpendicular to the conductors and the magnetic-field veetor remaims 
parallel to the conductors. The dircetion of polarization is taken as the 
direction of the line along which the electric-field vector lies. Thus, uf 
the conductors of Fig. 4B lie in horizontal planes, the electric vector 1s m 
the vertical direction, and the waves are vertically polarized. — lre- 
quently, a useful description of a wave may be given by plotting the shape 
of an equiphase surface and marking the direction of polarization of the 
wave at various points of the surtace. 

If vertically and horizontally polarized transverse waves are combined, 
and if the phases of the variations of the clectric-field intensity in the two 
waves are different, the direction of the resultant electric field will vary 
with time and distance. In any transverse plane, the tip of the resultant 
electric-field vector follows an elliptical path, the ellipse becoming a circle 
if the component waves are of equal amplitude and 90 deg out of phase. 
The resultant wave is said to be ell¢ptically polarized or, in the special 
case, circularly polarized. An elliptically polarized wave may, for con- 
venience in study, be separated into component linearly polarized waves. 

Study of the parallel-strip transmission line in Art. 2 has shown that, 
for air as the dielectric, the plane, transverse, linearly polarized waves 
which travel between the strips have the following properties: 

1. The ratio of electric-field intensity to magnetic-field intensity at any 
point of the traveling wave is constant and equal to the intrinsic wave 
impedance of space, 344 ohms. 

9 The waves are propagated with the speed of light, 2.998 10° m 
per sec. 

3. At every point of the wave, the Poynting vector has the same direc- 
tion as a ray of the wave. 

These properties are characteristic of all completely transverse Waves 
propagating in air or in space, regardless of the shape of the equiphase 
surfaces or the guiding conductors— in fact, the guiding conductors may 
be entirely absent. If transverse wayes are propagated in a dielectric 
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medium for which p or ¢ has a value different from the values for space, 
different values of Z; and propagation speed result. If the guiding con- 
ductors prevent the wave from being completely transverse, the speed of 
propagation, the ratio of electric-field intensity to magnetic-field intensity, 
and the direction of the Poynting vector are altered. 

4. Normal Reflection of Plane Transverse Waves. Figure 5A shows 
a parallel-strip line terminated by a short circuit. The short-circuiting 
device consists of a perfectly conducting surface placed perpendicularly 
to the line conductors and to the direction of wave propagation. As indi- 
cated in Art. 3, Chap. VII, incident waves of voltage and current, upon 
striking the short circuit, give rise to reflected waves of voltage and cur- 
rent, and the traveling waves combine to produce the standing waves of 
voltage and current drawn in Fig. 5B. 

Accompanying the incident voltage wave e+ is an incident electric-field 
wave of intensity &+ = e+/h, and accompanying the incident-current 
Wave 7* is an incident magnetic-field wave of intensity 3+ = it+/w, 
Similarly, associated with the reflected voltage and current waves e~ and 
t~ are reflected electric- and magnetic-field waves of intensities - = e—/h 
and 3C~ = 1~/w, respectively. Reference directions for the fields are 
shown by the arrows in Fig. 5A and are assumed to be the same for both 
the incident and reflected waves. The traveling field waves combine to 
produce standing waves in the same manner as do the corresponding 
Waves of voltage and current. Since voltage is proportional to electric- 
held intensity and current is proportional to magnetic-field intensity, the 
diagrams of Fig. 5B can also be considered to represent the standing 
waves of & and 3. 

A pictorial representation of the electric-field-intensity waves is elven 
in Fig. 5C’. In this figure, the distance between the horizontal reference 
plane and the curved surface is proportional to the electric-field intensity 
at a particular point in a plane parallel to the transmission-line con- 
ductors. The upper tio diagrams show the electric-field-intensity dis- 
tribution due to the incident and reflected waves at one instant, and the 
lower diagram illustrates the resultant field intensity at several instants. 

Because the voltage is always zero at the short-circuiting plane, the 
electric-field intensity is also zero in that plane. To fulfill this require- 
ment, the values of &+ and &- must always be equal in magnitude and 
opposite in direction at the reflector. The standing-wave pattern illus- 
trated in the lower diagram of Fig. 5C results from this boundary condi- 
tion in exactly the same way that the standing-wave pattern of voltage 
results from the requirement that’ e+ = e~ at the reflector; that is, for s 
measured from the reflector as in Hig. 5A, if 


&* = &,+ cos (wt + Bos) (14) 
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Fic. 5. Standing waves in parallel-strip line with reflector perpendicular to direction of 
propagation. 
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represents the incident wave of electric-field intensity, then 
S&— = —&nt cos (wt — Bos) lis) 


must be the reflected wave in order that, at s = 0, § = §* + €- = @ 
The resultant electric-field intensity is therefore the standing wave 


& = & + & = &,,*[cos (wt + Bos) — cos (wt — Bos)] 
or 
& = —(2&,,* sin Bos) sin wt = 2(&,,+ sin Bos) cos (wt + 90°) (16) 


The quantity 2&,,* sin Bos is independent of time and specifies the peak 
value of the sine-wave variation of the total electric-field intensity at 
points Bos electrical degrees from the reflector. 

A convenient way of visualizing the electric-field waves is to consider 
the reflecting surface as a mirror and to regard the reflected wave as the 
image of the incident wave. Thus, as the incident wave moves toward 
the reflector, an image wave which appears to have its source behind the 
reflector moves away from the reflector. The incident and image waves 
combine in the region in front. of the reflector to produce the resultant 
electric-field-intensity pattern. This concept of Image waves could have 
been apphed equally well to voltage and current waves in Chap. VII. 

Accompanying the incident electrie-field wave is an incident magnetic- 
held wave of intensity 


+ 
KH = #,,+ cos (wt + Bos) = a COS (wt + Bos) (17) 


The direction of propagation of the reflected magnetic-field wave 3C- is 
the same ae that of tlie S- ware. To mainaan the proper directional 
relationship between the electric- and magnetic-field vectors of the 
reflected wave, the incident magnetic-field wave must be reflected without 
phase reversal. Thus, when the reference directions are those of Fig. DA, 
the image wave of magnetic-field intensity is 

gt 


c= z, ©% (wi — Bos) (18) 


and the total magnetic-field Intensity JC at any point in front of the 


reflecting plane is the standing wave 


py Gi 
JC = SCT 4+ 5C- = 7 [cas (wt + Bos) + cos (wi — Bos)] 


or \ 


Poe 
— 7. COS Bos COS wl (19) 
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Equation 19 indicates that the peak value of the sinusoidal variations of 
i¢ changes with distance from the reflector in the same manner as does 
the peak value of the current wave in Fig. 55. Comparison of lqs. 16 
and 19 shows that the sinusoidal variations of & and 3¢ are 90 deg apart in 
phase. 

The total voltage and current e and 7 in the standing-wave pattern, 
unlike voltage and current of a traveling wave, are not related by a con- 
stant ratio R.. Rather, the e and 7? variations are 90 deg out of phase, and 
the relationship must be expressed as the ratio of the complex rms values 
Bend 7. which is (see Ary. 3, Chap. VIL) 


= 7 = Jit .che) Be 
Z being the input impedance of a section of line of length s terminated in a 
short circuit. In hike manner. the variations of electric-field mtensity 
and magnetic-field intensity of the waves in Fig. 5 differ 90 deg m phase, 
and the relationship of & to 5¢ at any eross section of the line is expressed 
by the ware impedance 

L = |7ameaes s (20) 


which is a complex number. The angle of Z is +90 deg (when tan Bs is 
positive). indicating that, for the reference directions of Fig. 5, & leads 3C 
by 90 deg. as is specified by Eqs. 16 and 19. The amplitude ratio 1s 
Z, tan Bs, again in agreement with Eqs. 16 and 19. Quantity Z 1s the 
Input wave impedance for the length s of parallel-strip line terminated by 
the short-circuiting reflector. 

Because the input wave impedance Z is merely a constant w/h times 
the input impedance Z, the Smith chart may be employed with Z in 
exactly the same manner as with Z, except that per-unit values are based 
upon Z; instead of upon /,. In this way, the input wave impedance at 
any cross section may be found for a line terminated in a short-circuiting 
conductor or in any other device of known wave impedance. Wave 
impedances may be thought of as being resistive, capacitive, or inductive, 
depending upon the associated phase angle between & and 3c. Similarly, 
a cross section in which & is zero but 3C is not zero, corresponding to 
Z = 0, may be thought of as a short circuit, whereas a zero ralue of 3¢ and 
a nonzero valuc of & at. a cross section corresponds to infinite Z, or an open 
circuit. In Fig. 5, a short circuit in input impedance 1s indicated at the 
reflecting plane and at intervals of a half wavelength from the reflection; 
an open circuit corresponds to positions an odd number of quarter wavc- 
lengths from the reflector. The short-circuit condition of zero & can be 
realized with high accuracy by use of a conducting reflector of dimensions 
ereater than the cross-sectional dimension of the parallel-strip line. ‘The 
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open-circuit condition of zero 3C is only imperfectly produced by an open- 
ended line, because fringing fields produce the effect of a terminating 
capacitance. For a single frequency, the open-circuit condition is per- 
haps best obtained by means of a short circuit located a quarter wave- 
length beyond the desired open-circuit point. 

Because the dielectric and conductors in Fig. 5 are assumed to be with- 
out loss, the energy consumed by the terminated line section is zero, and 
the average power mput to the line must be zero. Calculations based 
upon the Poynting vector agree with this conclusion. Both field vectors 
of the standing-wave pattern lie in the transverse plane, and therefore 
the Poynting vector is perpendicular to the transverse plane and specifies 
by its magnitude the power crossing a unit area of the transverse plane. 
Lhe magnitude of the Poynting vector is 





+ 
§ = & = —(2&,,* sin Bos) (2 “= COS aus sin wt cos wt 
“YO 
S= fc» sin 280s sin 2wt (21) 


Thus the power crossing any area of a transverse plane varies sinusoidally 
with time at a frequency twice the frequency of the fields. The direction 
of power flow is toward the reflector for one half of the sin 2w4 cycle and 
away from the reflector for the other half. The average of sin 2wt over 
any integral number of cycles is zero, and thus the average power trans- 
mitted by any cross-sectional area is zero. For cross sections spaced at 
intervals of a quarter wavelength from the reflector, sin 280s is zero, and 
the power transmitted is zero at every instant. 

5. Oblique Reflection of Plane Transverse Waves. Ifthe terminating 
reflector for the line of Fig. 5.4 is placed at an oblique angle, field patterns 
entirely different from those of F ig. 5C are obtained. The new patterns 
are typical of field patterns in rectangular waveguides. Determination 
of these patterns requires the use of the law of reflection and of the 
boundary conditions at the surface of a conductor. 

The law of reflection for a plane boundary surface may be stated as 
follows: 

Kkach ray of an electromagnetic wave reflected from a plane boundary 
between homogeneous materials lics in the plane of an incident ray and a 
normal to the boundary, and the angle between reflected ray and normal equals 
the angle between incident ray and normal. 

This law applies no matter what materials are separated by the bound- 
ary plane, provided the relation between incident and reflected wave, 
whatever it may be, is the same at cach point of the boundary plane. 
Proof of the law depends upon this uniformity of reflection conditions. 
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Figure 6: deprets a plane wave incident upon a plane boundary, the 
angle between a ray of the wave 210 and a normal to the boundary OW 
bene a. Wavefronts spaced at intervals of a wavelength Ao are repre- 
senied by the lines drawn perpendicular to R,O. Traces of these wave- 
fronts in the boundary plane appear as points in the top view and as lines 
1 the front. view, and they are spaced at imtervals Xo sina. As the 
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incident wave progresses toward the boundary, the traces in the boundary 
plane move from left to right. 

The clectric and magnetic fields of the incident wave vary from port 
to point in the boundary plane, but at any instant the fields are constant 
along each wavefront trace and execute a cycle of variation from one 
wavefront trace to the next. Because the conditions of reflection are the 


same at each point, the ratio of field intensities in the reflected wave to 
those in the incident wave must be the same at every point of the bound- 
ary plane. ‘Thus the Geld intensities of the reflected wave must vary 
from point to point in the boundary plane in the same manner as those 
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of the incident wave. The wavefront traces of the reflected wave must 
coincide with the traces of Fig. 6A and must move in the same direction 
and at the same speed. 

The dashed lines in Fig. 6B are drawn to show that unless a ray OR» of 
the reflected wave lies in the plane of RO and ON, coincidence of incident 
and reflected wavefront traces cannot be obtained. With OR. in the 
plane of ON and 2,0, the angles 8 and a must be equal tin order that dis- 
tances Xo/sin 6 and Ao/sin a may be equal. Rays OR: and RO must lic 
On opposite sides of O.V in order that wavefront traces for the two waves 
may move in the same direction. 

The law of reflection specifies the direction of rays of the reflected wave 
but does not indicate the polarization of the wave nor the phase and mag- 
nitude of the fields of the wave. These conditions depend upon the 
nature of the materials separated by the boundary plane. If one of the 
materials is a perfect conductor—-as assumed for the parallel strips and 
reflecting plate in Fig. 54—the properties of the reflected wave may be 
determined from the following boundary conditions: 

At the surface of a perfect conductor, there can be no component of electric 
field tangential to the surface and no component of a time-varying magnetic 
field perpendicular to the surface. 

The electric-field condition has been used in Art. 4 as the field-< juantity 
analogue of a circuit condition of zero voltage across a short circuit. 
This condition is necessary because a parallel electric field at the con- 
ductor surface would correspond to the Impossible condition of a voltage 
difference between two points of a perfect conductor. The magnetic- 
field condition is the consequence of the electric-field condition and 
Faraday’s law. If a time-varying magnetic field were to exist normal 
to the surface, the associated rarying magnetic flux would cause an 
electromotive force around a closed path in the surface—a condition 
inconsistent with the requirement of zero tangential component of electric 
held at the surface. 

The boundary conditions do not preclude the existence of an electric 
held normal to a perfect conductor. Hlectric-field lines may terminate 
at charges on the surface of conductors, the charge per unit area at any 
point of the surface being equal to the density of electric-flux lines 
2) = s& terminating at the point. Similarly, a time- ‘arying magnetic 
freld parallel to a perfectly conducting surface is possible; and as explained 
in Art. 2, the parallel magnetic field is related to the current flowing along 
the surface of the conductor. The magnetic field is perpendicular to the 
direction of the current flow, and the held intensity 3C equals J, the current 
per unit width of current pawah . 

The law of reflection is Justification for extending the concept of image 
waves to include reflection from a perfectly conducting surface placed at 
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igure 7A shows the 
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Extension of the image ray to the 


‘ncident-wave side of the reflector yields a ray of the reflected wave. 
Wavefronts of the waves are drawn perpendicular to the rays. 
The image wave may be specified more definitely when the polarization 


of the incident wave 1s known. 


For example, in fig. 


meident 


7B the 
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Wave 1s assumed to be linearly polarized with the electric field parallel to 
the reflector. The requirement of zero electric field tangential to the 
reflecting surface necessitates that the electric fields of the incident and 
image waves have equal intensities and opposite directions at point O and 
hence at any pair of points, such as ? and 7’, that are images of each 
other. Absence of an clectrre field at the boundary ensures that the 
incident, magnetic field is reflected im a manner that causes the normal 
components of the incident and reflected magnetic fields to add to zero at 
the boundary. As the result of satisfying these conditions, the incident 
wave 1s reflected without change of polarization, the incident electric 
held and the normal component of the incident magnetic field are reflected 
without change m amplitude but with a reversal of phase, and the 
tangential magnetic-field component is reflected without change of ampli- 
tude or phase. Relative directions and amplitudes of the fields of the 
incident and image waves are indicated at points P and P’ in Ihe. 7B. 

When the magnetic field of the incident wave is parallel to the reflector, 
as in Fig. 7C, the same boundary conditions must be satisfied as before. 
The vector diagrams at points P and P’ in Fig. 7C show that a change in 
direction of polarization (direction of the § vector) occurs on reflection, 
that the incident magnetic field and the normal component of the incident 
electric held are reflected without change in amplitude or phase, and that 
the tangential component of the incident electric field is reflected without 
change in amplitude but with a reversal of phase. Transverse waves 
having other polarizations may be divided into two component waves, to 
one of which Fig. 7B applies and to the other of which lig. 7C applies. 

6. Field Patterns Obtained by Oblique Reflection. The field patterns 
in front of a plane conductor placed at an oblique angle to the direction of 
Wave propagation in a parallel-strip line may be determined through use 
of the principles developed in Art. 5. The conducting plate in Fig. 8A is 
perpendicular to the parallel strips but makes an angle a with the incident 
waveltronts. In accordance with the reflection law, rays of incident and 
reflected waves must make equal angles with the normal to the reflector, 
as shown in Fig. 84. The reflected wave is therefore propagated along a 
Ime placed at an angle 2a with respect to the path of the incident 
Wave. 

The resultant field patterns may be conveniently described in terms of 
the rectangular-coordinate system shown in Pig.8A. The x, z coordinate 
plane of this system is drawn in Iie. 85, and the wavefronts of the 
incident wave are shown advancing toward the reflecting plane. Wave- 
fronts of the imave wave are represented in Fig. 8C. Note that the angle 
between a ray and a normal, or between a wavefront and the reflector, is 
a for both the incident and image waves. 

If s, 1s a distance measured to the left from the origin along a ray of the 
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neident wave, the electric-field intensity of the incident wave 1s 
St = &,,+ eos (wl + Bos) (22) 


Similarly, if ss represents a distance along the ray of the image wave 
measured diagonally upward to the left, the field intensity &~ of the image 
wave 1s 

G- = &,,+ eos (wl — Bose) (233) 


These equations apply for the reference directions of &! and & indicated 
at points P? and P’ in igs. 8B and C-—&* ix positive when directed 


REFLECTED y 







RBEEEECTOR 
Z 






INCIDENT 
WAVE 
(A) PARALLEL-STRIP LINE AND REFLECTOR 
Ky 

sc: z A 
REFLECTOR 
“| 7 
y 

| WAVEFRONT ea 
(INTO PAGE) oer eer Or 2/ see 
| aad 

P 

| | (OUT OF PAGE) 
: | | \ 
| x \ 
{ | > 
WAVEFRONT | : a 
a 
0 we 
(B) INCIDENT WAVE (C) IMAGE WAVE 


Fic. 8. Reflection from plane conductor at oblique angle. 


downward, and &~ is positive when directed upward. At the origin 
(s; = Ss) = 0), & = & and boundary conditions are therefore satisfied at 
this point. 

In order to combine the incident and reflected electrie-field intensity 
waves, s; and s; must be expressed in terms of the coordinates x and 2. 
Distance s; is the normal distance from the origin to a particular incident 
wavefront. The trace of the plane of this wavelront in the 2, z plane is 
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the line 
: ee sin a 
Bn CHRO er ee 
Thus s; = 2 cosa —zsiha. Similarly, it may be shown that distance 
Ss =xeosa+zsina. Substitution of these expressions for s; and sg» in 
Inqs. 22 and 23 viclds the value of the incident and reflected clectric fields 


at any point m the wv, z plane: that ts, 
ET = 6,7 cos [wl + (Bo Cos ae — (Bo sin a)z] (25) 


and 
&— = &, + cos [wl — (Bo Cos a)v — (Bo sin a)z] (25) 


Note that at the surface of the reflector (x = 0), the total electric held, 
which 1s the difference between &+ and &7-, is zero for all values of z and ¢. 
Boundary conditions are therefore satisfied over the entire reflecting 
surface. 

In the space above triangle ORS in Fig. 8A, both incident and reflected 
waves are present, and the resultant electric-field intensity & in this 
region is & — §-; thus 


& = &,* cos [wt — (Bo sin a)z + (Bo cos a).r] 
— &n* cos [wl — (Bo stn a)z — (Bo cos a)x} (26) 


Through use of the identity 
cos (@ + 6) — cos (@ — 6) = —2 sin ¢ sin 8 
where ¢ = [wt — (89 sin a)z] and @ = (By cos a), Eq. 26 becomes 
& = {—28&,,* sin [(80 cos a)a]} sin [wl — (Bo sin a)z] 
or in terms of a cosine function 
& = {28,7 sin [(Bo cos a).x]} cos [wt + 90° — (Bo sin a)z] (27) 


Equation 27 represents a wave of peak value 26,,* sin [(8 cos a).r] 
traveling parallel to the z axis and, hence, parallel to the reflecting surface. 
The peak value of the traveling wave is a function of x, the normal dis- 
tance from the reflector, and varies between zero and 267 In accordance 
with variations of sin [(8y cos a)x]. Thus a standing wave is produced 
normal to the reflector, and as time goes on, this standing wave moves 
parallel to the reflecting surface. 

Equation 27 indicates that the phase constant of the resultant electric- 
held wave traveling parallel to the ‘reflector is different from the phase 
constant of the standing-wave pattern normal to the reflector. Both 
phase constants are also different from By, the phase constant of the 
incident and reflected waves. If 6 represents the phase constant of the 


Arr. 6] OBLIQUE-REFLECTION FIELD PATTERNS O67 
resultant wave in the < direction, 
8 = Bo sin a (28) 


Similarly, if 8; is the phase constant of the standing wave in the « 
direction, 
8B. = Bo €os-a (29) 


Thus in terms of 6 and B,, the resultant clectric-field intensity m_ the 
region near the reflector Is 


Se= Cae? sw Sr) cop (oh + 90° — 62) (30) 


The curved-surface method of representing electric-field-itensity 
waves may be used to describe the electric-field pattem represented by 
Eq. 30. The incident and reflected wave components are shown 10 
Figs. 94 and B, and the resultant pattern is given i Hig. 9C. Note that 
the field-intensity variations of cach component wave in the reflecting 
plane are sinusoidal; but because the two intensities are equal in ampli- 
tude and opposite in direction, the resultant electric field at the reflector 
is zero. The component waves travel in the directions indicated by the 
arrows, and the resultant field pattern travels parallel to the 2 axis. 

Since wavelength is 27 divided by the phase constant, the wavelengths 
in the z and x directions in Fig. 9C are different from each other and from 
>. In the z direction, the wavelength d 1s 








aa 2 » 
(ee SS SS (31) 
GB Bo SIN @ SIn @ 
and in the x direction, Az 1s 
QT Ao 
1, =_— = Od 
Bz COS @ (32) 


These wavelengths are marked in Fig. 9C. 

A physical reason for the nature of the field pattern illustrated in Fig. 
9C and for the wavelength relationships of Eqs. 31 and 32 may be seen by 
again considering Figs. 8B and C. To an observer capable of exploring 
the electric-field variations along a single line parallel to the reflector, each 
component wave would appear as a wave traveling in the z direction. 
The distance between successive crests of cither wave in the z direction 1s 
Macmiee. — A. | wite combination of these two component waves Is a wave 
of length \ moving in the same direction. The amplitude of the resultant 
wave depends upon the distance of hne of observation from the reflector. 
To an observer confined to a line perpendicular to the reflector, the 
‘ncident wave would seem to move toward the reflector and the reflected 
wave away fromit. The wavelengths of both waves would appear to be 
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do /COS a = Az, as Indicated in Fig. 9. In exploring along the perpendic- 
ular line, therefore, the observer would encounter waves similar to those 
of ig. 5 except for the longer wavelength and would regard the resultant 
held pattern as a standing wave with zeros at the reflector and at ,/2 
intervals from the reflector. 

The effect on » and 2, of varying the angle a may be noted from Eqs. 31 
and 32. As @ approaches zero, the wavelength \ measured parallel to 
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(C) COMBINATION OF TWO WAVES 
Fic. 9. Representation of electric-field pattern near plane reflector. 


the reflector increases without limit, while the wavelength \, in the 
normal direction approaches A». Thus the condition of normal incidence 
illustrated In F 1g. 518 approached. On the other hand, as a approaches 
lttetion moreso vithond oO ee 

; e length of the waves traveling 
parallel to the z axis approaches \,). The single-wave field patterns of 
Fig. 4 are therefore approached as a limit. Combination of Eqs. 28 and 
29 shows that for every value of the waves in the normal and parallel 
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directions are related so that 62 + 6,2 = Bo” and henee so that 


| | | 
a + a a ae 50 
Ne Nes hg ( ) 
Associated with the incident and reflected waves of electric field in ligs. 
S and 9 are magnetic fields of intensities 407 = & (7 ei oC SG Le 
Dividing Eq. 24 by Z; thus yields as the expression for 5C4 


é car 
scr = = cos wt + (Bo cos av — (Bo sin a)2| 
or 
mye oy ‘ 
ee (wl + Brv — Bz) (34) 
) 


and dividing Eq. 25 by Z; gives as the expression for de 


i = Sm cos (wl — Brt — Bz) (35) 
fe: 

Reference directions for iC*+ and 3C~ are indicated at points P and P* in 
Pigse SB and,C. 

Because the incident and reflected magnetic fields are in different diree- 
tions. the resultant magnetic-ficld intensity cannot be determined by a 
direct addition of Eqs. 34 and 35. Instead, the incident and reflected 
magnetic-field intensities are first resolved into components parallel and 
perpendicular to the reflector. As indicated at points P and P’ in Figs. 86 
and C, the components of 3¢* and 3¢~ in the < direction are3C,* = 3Ct cos a 
and 3C,- = 3C~ cos a, and total magnetic intensity in the z direction 1s H,. 


Ww, = 35CtT cosa + HK COs a 


+- 
= om cos a [cos (wt + B2x — Bz) + cos (wt — Bru — Bz)] (36) 


Through use of the trigonometric identity 
cos (@ + 6) + cos (¢@ — 9) = 2 Cds @ cos @ 
Eq. 36 simplifies to 
cae 
[— “7 €08.a cos Bzx } cos (wl — Bz) (oD) 


i 
In the x direction, the component magnetic-field intensities are 
Ce ear TNC 


and 3¢.- = 3C- sin a, and the resultant intensity is 5C,; = 30,7 — ICL. 
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Thus 


gCz = ICt sin a — KH sin a 
has 
7 oi [cos (wt + Bt — Bz) — cos (wt — Bx — Bz)] 


Upon simplification, this expression becomes 


yf 
iC (2 2 sin @ sin aur) cos (wt + 90° — Bz) (38) 


1 


Equations 37 and 38 indicate that the magnetic field, like the electric 
field, has the appearance of a standing wave along a line perpendicular to 
the reflector and of a traveling wave along a line parallel to the reflector. 
The normal component of the magnetic field 3C, is zero at the reflector, as 
may be seen by setting « = 0 in Eq. 38, and zero and maximum values of 
K, occur alternately at regular intervals along normals to the reflector 
where sin 6,0 is zero and maximum. Since the amplitude of 3C, and § 
depends upon the factor sin 8,2, the electric field and normal component 
of the magnetic field are zero at the same distances from the reflector. 
On the other hand, comparison of Eqs. 30 and 37 shows that JC, 1S Mas- 
mum where the electric field is zero. This condition results because the 
magnitude of 3C, depends upon the factor cos 6, whereas the amplitude 
of & depends upon sin 6,2. 

Because the resultant magnetic field lies outside planes parallel to the 
reflector, the field may be represented more conveniently by the straight- 
line method employed in Fig. 4B than by diagrams similar to those of 
Fig. 9. Thus the lines in Fig. 104 represent variations in the incident 
magnetic field at one instant in the region near the reflector. Because 
this figure is a top view of a section between conductors, the electric-field 
lines appear only as dots and crosses. The field pattern of the reflected 
wave 1s shown in Fig. 10B, and the resultant field is illustrated in Fig. 10C. 
Observe in Fig. 10C that the resultant electric field is transverse, since it is 
confined wholly to planes which are at right angles to the direction of 
propagation. ‘The magnetic field, on the other hand, is not transverse 
because of its component in the z direction. The resultant wave is 
therefore a plane transverse-clectric wave. Waves of this type are impor- 
tant not only because they may be formed when plane transverse electro- 
magnetic Waves impinge upon plane reflectors but also because they may 
be propagated through rectangular waveguides. 

(. The TE,,. Wave in a Rectangular Waveguide. Examination of 
rig. 10C shows that, when plane transverse waves are reflected from a 
conductor oblique to the rays of the wave, the resultant electric-field 
intensity is zero not only at the surface of the conducting plane but also in 
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planes parallel to the conductor spaced at intervals of A,/2. The location 
of the electric field may be seen from Fig. 9C or 10C. It would seem 
possible to insert a conducting surface at any nodal plane without change 
of the field patterns, because boundary conditions would still be satisfied. 
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Fic. 10. Representation of electric and magnetic fields near reflector. 


Addition of such a conductor to the parallel-strip line and reflector of 
Fig. 8A forms the rectangular waveguide of Fig. 11A. 

The geometry of the rays of the component waves within the guide 1s 
shown by the drawing of Fig. 11B. Rays of the incident wave delivered 
by the parallel-strip line are indicated by solid lines A, B, and C, and the 
corresponding rays of the reflected wave by lines D, EF, and F. Incident 
and reflected waves are at an angle a with ON, the normal to the reflector. 
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Rays D, 4, and F undergo a second reflection at the surface of the left- 
hand reflecting conductor and thus produce the second-reflection rays 
shown by dashed lines. Third, fourth, and higher order reflections occur 
until the entire length of the waveguide is filled with two sets of plane 
transverse waves which cross the guide in opposite directions. Each set 






WAVEGUIDE 








and 


pst 





(A) PARALLEL~STRIP LINE AND WAVEGUIDE (8B) HORIZONTAL SECTION SHOWING RAYS OF 
INCIDENT AND REFLECTED WAVES 


Fie. 11. Formation of rectangular waveguide from two-strip line with reflectors. 


of waves travels at an angle a with the normal to the guide, and each 
produces the other wave by reflection at a side wall. 

Because the two sets of waves are identical with the incident and 
reflected waves of Figs. 104 and b, the resultant wave has the pattern 
shown in Fig. 10C. In order that boundary conditions may be satisfied, 
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lig. 12. Electric and magnetic field of the 7’F1.9 wave in rectangular waveguide. 


the guide dimension a must equal a multiple of \,/2. When a = Ney 2: 
the fields in the Waveguide are represented by the portion of Fig. 160C 
between line AB and the reflector. This portion of the pattern is shown 
in relation to the Waveguide in Fig. 12. 

As was pointed out in Art. 6, the pattern may be considered as a stand- 
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ing wave in the x direction, which is across the euide, and a traveling 
wave in the z direction, along the guide. Because a wave of this type ina 
euide is of great importance, it is convenient to think of it not merely as 
the combination of two plane transverse Waves, but as a new wave type. 
It is called the TE,o wave of a rectangular guide. The letters 7/ indi- 
eate that the electric field, but not the magnetic field, is transverse to the 
direction of propagation (see Fig. 124). ‘The subscripts | and 0 indicate 
the number of half-eyele variations of the eleetric-field tensity along the 
a and b dimensions of the guide, respectively, in accordance with a con- 
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Fic. 13. Pictorial representation of field pattern of TEi,0 wave. 


vention explained in Art. 10. A pictorial representation of the 7,1, 
field pattern is shown in Fig. 13. 

The requirement that @ must equal \,/2 to obtain a Tio wave 
imposes a relation among the width a of the waveguide, the wavelength 
r) of the component transverse wave, and the angle a at which the 
transverse waves enter the guide. According to kq. 32, p. 567, the 
y-direction wavelength dz is \o/cos a. Since Az, must equal 2a, 

Xo 
cos a = 57 (39) 
Thus the frequency of the wave source (which fixes \9) and the guide 
width together determine the angle and the geometry of the fields in the 
guide. As the source frequency is increased, \» and cos a decrease and a 
approaches 90 deg; that 1s, the higher the frequency of the source, the 
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more nearly the component transverse waves travel along the axis of the 
guide. As the source frequency is decreased, \) increases, and the com- 
ponent waves travel more nearly perpendicular to the axis of the guide. 
When the value \») = 2a is reached, cos a = 1, a =0, and the 
pattern in the waveguide becomes merely a standing wave between the 
side walls of the guide. For longer wavelengths, Eq. 39 cannot be satis- 
fed. ‘Thus the waveguide is a form of high-pass filter capable of trans- 
mitting only those waves having a length less than the cutoff wavelength 


a, (40) 


and a frequency greater than the cutoff frequency f,, = CON 
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The length of the TE, 9 wave along the axis of the guide, designated by 
X, 1s called the guide wavelength, and according to Eq. 31, p. 567, it is equal 
to Ao/sin a. Consequently, the ratio of \ to Xo depends upon a, which in 
turn 1s a function of the relation of \» to the cutoff wavelength, as follows: 





eee | * I 
Ao sina 4/1 — cos? a V1 = (Ao/2a)? 
or 
N 1 
— (41) 


No A/T = (Xo/Noo)? 


A plot of Eq. 41 is drawn in Vig it. Observe thatva@ very high fre- 
quencies (for which Xo, \ approaches zero), the guide wavelength nearly 
equals the length of the component transverse waves \). As the fre- 
quency is decreased, the guide wavelength increases (1) because No 
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increases and (2) because the ratio X/Xo Increases. The change of d/Xo 1s 
not very important if Ao/Ac 1s less than 0.5, but for values of Xo approach- 
Ing Ae. A Ao and the guide wavelength increase rapidly and approach 
infinity. Another form of Eq. 41, which ean be obtained directly from 
Eq. 33, p. 569, and which ts helpful in visualizing the wavelength rela- 
tions, 1S 





2 : Tt? Oe (42) 


w 


The equations for the eleetrie- and maenetic-ficld intensities devel- 
oped in Art. 6 may be applied to deseribe the fields in the rectangular 
waveguide. Equation 30, p. 567, becomes, after B, 1s replaced by 
Je/)\, = w/a, 


& = (« sm S cos (wt + 90° — Bz) (43) 


In this equation, Sn = 28.7, S0' being the peak value of electric-field 
intensity in either of the component transverse waves and &, being the 
peak value of the electric-field intensity of the resultant 7/1,0 wave 
measured at the center of the guide. Since sin a = \o/A, the transverse 
or x component of the magnetic field 1s (see Eq. 38, p. 570) 


fe ope. ae oe 
i (ee sin » cos (wt + 90 Bz) (44) 


and the longitudinal or z component of the magnetic field (from Eq. 37, 
p. 569) Is 





aC, = (Ea cos “*) cos (wt — Bz) (45) 

The magnetic field at the surfaces of the conducting walls of the wave- 
euide is parallel to these surfaces and. as explained in Art. 2, 1s related m a 
very definite way to currents in the waveguide walls. Figure 15 repre- 
sents the magnetic field in the same way as did Fig. 13 and shows also the 
pattern of current flow i the euide walls. The walls are assumed to be 
perfect conductors, and therefore the current is confined to sheets of 
zero thickness at the inside surface of the walls. The linear density (cur- 
rent per unit path width) of current in these sheets is indicated by the 
density of current lines in Fig. 15, and the directions of current flow are 
indicated by the dircetions of the lines. Note that, as explained m 
Art. 2, the current Imes are everywhere perpendicular to the magnetic- 
feld lines at the conductor surface. ‘The magnetic-field pattern may be 
thought of as being srmiar to the field in a series of approximately toroidal 
cores placed beside one another along the guide. The current in the 
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walls of the guide is then like current in coils wound on the cores—except 
that the circuit 1s completed by displacement current instead of conduc- 
tion current through the central region of the core. 

Consider the current in the side wall at « = 0. The magnetic field at 
the surface of this wall is longitudinal, and therefore the flow of current is 
parallel to the y axis. The linear current density, denoted by J,, is, as 
shown in Art. 2, equal in magnitude to the magnetic-field intensity 3, at 
the conductor surface. Hence, by Eq. 45, with x = 0, 

SmAo 


§, = =8 SS cos (ot = 5 
i . Z... Cos (wt — Bz) (46) 





The negative sign in Eq. 46 arises because positive reference directions for 
§, and %, are in the directions of the positive y and z axes, and the right- 
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fie. 15. Current distribution in a rectangular waveguide. 


I » S = vad ; s ‘ % : » tf vy 2 x : > = : 
hand rule shows J, to be positive (directed upward in Iie. 15) when &, is 
negative (directed to the left along the z axis in Fig. 15). The current 
density specified by liq. 46 varies sinusoidally along the z AXIS, as indi- 
cated by the spacing of lines in Wig. 15, and this distribution pattern 
propagates as a wave in the positive z direction. 

T a rh 1 ‘ : Vary ’ } 

- current in the top and bottom walls of the guide may be expressed 

as the sum of linear current-density,components 9, and J, directed parallel 
ae aaa See. > : 

to the a and € axes, respectively. The 9, component in the top wall, for 

example, 1s related to the value of Je, (the longitudinal component of 3C) 

at the surface of the top wall, and the g, component is related to the 

component 3C, of magnetic-field intensity. Thus reasoning similar to 
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that employed in obtaming Hq. 46 yields 
sind 0) To 

a CC ECs (al — be 7 

(oes S = COS (w 32) (47) 

eas Sato . TU Oo ? 

> lS mr sin — } cos (wl + 90° — Bz) (48) 


Equations 47 and 48 together indicate the moving current pattern 
represented for the top wall in Fig. 15, just as qs. 44 and 45 together 
represent the magnetic-field pattern. The current patterns can be vert- 
fied by vector addition of the components g, and §, al various points. 
Thus, at the edges of the top wall, (vx = 0 or x = a), §, = 0, and the cur- 
rent is transverse: at x = a/2, 9, = 0, and the current is longitudinal. 
Because of the 90-deg phase relation between g, and g,, the maximum 
longitudinal current at the center occurs for values of 2 midway between 
those for which maximum transverse current occurs at the edges of the 
top wall. 

Many of the properties of waveguides can be understood more reé dily 
if the magnetic field and current density are considered in terms of their 
components (as specified by Eqs. 44, 45, 47, and 48) rather than as total 
vectors (as indicated in Fig. 15). The electric field, which 1s directed 
parallel to the y axis, may be considered in conjunction with the trans- 
verse magnetic field and the longitudinal current component as a wave 
propagating along the length of the guide. This wave is essentially 
similar to the transverse wave on a parallel-strip line (see Art. 2), but the 
wavelength is greater, and the electric field, magnetic field, and current 
density are all greatest at the center of the guide and decrease to zero at 
the edges. Alternatively, the electric field may be considered in conjunc- 
tion with the longitudinal magnetic field and the transverse current com- 
ponent as a wave that propagates across the guide and produces a stand- 
ing-wayve pattern between the two side walls. The complete TE. wave, 
therefore, includes both a transverse standing wave and a longitudinal 
traveling wave. In this sense, a guide carrying the T’/1i,0 wave may be 
likened to a parallel-strip transmission line with its two conductors 
joined on each side by a continuous line of quarter-wave stubs. 

8. Phase Velocity and Group Velocity. If a rectangular waveguide 
transmits a continuous, sinusoidal, 7'2,,) wave, the field pattern in the 
guide has the configuration represented by Fig. 13. The pattern moves 
through the guide with a velocity v,, called the phase velocity, which is the 
product of the frequency and the length of the waves. In terms of the 
wavelength relation of Eq. 41, 

Vp = fr= a ° 


\/ 1 — Or0o/ MB)? 7 aA/ 1 — (Ao/Xeo)” 49) 
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For all wavelengths less than X,,, the denominator in Eq. 49 is less than 
unity; therefore v, exceeds c, the speed of light. When Xy is much less 
than ,o, 0, 1s only slightly greater than c, but v, increases without limit as 
the source frequency decreases toward the value for cutoff. 

A phase velocity greater than the speed of light has no important 
significance. An analogous phenomenon is the speed at which a wave- 
shaped water boundary moves along a vertical wall of a tank partly filled 
with water. When a surface wave strikes the wall at an oblique angle, 
the speed of the boundary wave along the wall depends upon the direction 
of approach of the surface wave and increases without limit as normal 
incidence is approached. 

In a radar system, an r-f pulse, or a group of sine-wave cycles, is trans- 
mitted by a waveguide. The motion of the field pattern is then some- 
what more complicated. Figure 16, which is a plot of electric-field 
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Fre. 16. Rectangular pulse illustrating phase velocity and group velocity. 


intensity along the axis of a long section of guide, illustrates the pulse. 
The individual sinusoidal cycles of the pulse move at the phase velocity 
>, but the rectangular envelope of the pulse moves at a slower speed 
called the group velocity v,. Thus the sine-wave cycles appear to move 
forward through the pulse envelope. As old cycles disappear at the lead- 
ing edge, new cycles form at the trailing edge. 

The different velocities of the pulse-envelope and carrier-frequency 
waveforms may be explained in terms of a plot of waveguide phase con- 
stant 6 as a function of angular frequency w. According to Hig. 28) 61s 
equal to By sin a, where By (the phase constant of a plane transverse wave) 
Is w/¢, and sin a, from Eq. 41, is V1 = (Ao/deo)2. Hence, 


Pe ROE. Ae Pie 
g=2 I ag Us ef le Nee 
C \ ( C ' dw C (50) 


Figure 17 is a graphical representation of this equation. In this figure, 
we 18 the aneular frequency of the earrier wave, and Aw represents a fre- 
quency band within which Hie all the important Fourier components of the 
pulse. The 8, w curve may be regarded as a curve of phase shift in a 
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fixed length of guide as a function of frequency, because Bd, the total 
phase shift in a guide section of length d, 1s proportional to 8. 

If the 8, w curve were the dashed straight line drawn through the origin 
in Fig. 17, each Fourier component transmitted by the guide would be 
delayed by a phase angle proportional to its frequency. All Fourier com- 
ponents would therefore be delayed by the same interval of time, and 
phase relations between components would remain unchanged. In 
traveling through the guide, the pulse shape would be perfectly preserved, 
and the pulse-envelope and carrier-frequency waveforms would travel 
with the same velocity. 

Because the 8, w curve of ig. 17 differs from a straight hne through the 
origin, the various Fourier components of the pulse are delayed by differ- 
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ky¢. 17. Waveguide phase constant B as function of angular frequency ow. 


ent time intervals. As a result, the shape of the pulse 1s changed. A 
special type of pulse distortion occurs, however, because of the fact that 
within the frequency band of interest Aw, the 8, » curve is essentially a 
straight line which does not pass through the origin when extended. Asa 
result of this linearity, the shape of the pulse envclope remains unchanged 
while the carrier-frequency cycles move within the pulse. 

The reason for this type of pulse distortion may be explained in terms 
of the relation between the responses of carrier-frequency and video cir- 
enits discussed in Art. 8 of Chap. VJ. The principles developed in that 
article indicated that the carrier-frequency phase shift 1s determined by 
B., the value of 6 at O' in Hig. 17, and the modification of the pulse 
envelope is the same as that which would occur if the envelope were 
passed through a circuit having the 8, w curve of Fig. 17 with the origin 
shifted from O to O’. Since this new 8, w curve 1s a straight line through 
the new origin, all the video-frequency Fourier components of the pulse 
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envelope are delayed by the same time interval. The envelope shape is 
therefore unaltered. 

The phase delay of the carrier frequency in a guide section of length d is 
B.d, and the time delay is 6.d divided by w., the angular frequency of the 
carrier wave, or B.d/w-. The phase velocity v, equals the guide length 
divided by this trme delay and is therefore w./8.; that is, phase velocity 
equals the reciprocal of the slope of a line from O to O' in Fig. 17. The phase 
delay of a video-frequency component of the pulse envelope, evaluated 
from the 6, w curve with origin at O’, is (8 — B.)d: the time delay is 
(8 — B.)d/(w — w,); and the envelope velocity, or group velocity v,, is 
(w — w.)/(B — B.). Because the 8, w curve is essentially straight within 
the frequency band Aw, (w — w.)/(8 — B.) has very nearly a constant 
value equal to the derivative dw/dB evaluated at O’. Thus group velocity 
equals the reciprocal of the slope of the B, w curve at point O' in Liga ie 

The phase velocity of waves within an air-filled guide always exceeds 
the speed of light and increases indefinitely as the angular carrier fre- 
quency approaches wo. In contrast, the group velocity is always less 
than the speed of light and approaches zero as w tends tow... These rela- 
tions may be inferred from the slope of the line OO’ and of the 8, w curve 
at O’ in Fig. 17, for various positions of O’—the reciprocal of the slope of 
the dashed line representing w/e corresponds to the speed of light. 
Alternatively, the value of the phase velocity is given by Eq. 49, andthe 
group velocity may be obtained by differentiating Eq. 50 as follows: 

Lota | 
vg dae x/1 = (he) da 
and 


: 
ra = eat — (2) (51) 
Aco 
The factor 1/1 — (A0/Aco)? is less than unity, and v, is less than ce. 

Note, by comparing Eqs. 49 and D1, that », is always smaller than c in 
the same ratio that c is smaller than Vp. The product v,v, therefore has 
the constant value c?. Curves of v~>/c and v,/c are plotted in Ing. 18 asa 
function of o/Xeo. 

9. Power and Attenuation. The power transmitted by a waveguide 
may be determined from the Poynting vector § (see Art. 2) evaluated at 
points on a cross section of the guide. Unlike the Poynting vector for the 
parallel-strip line, 8 in a waveguide has a component in the transverse 
plane of the guide as well as a compenent along the axis of the guide. 
The electric field in the guide-is parallel to the y axis, and therefore the 
Poynting vector (being perpendicular to both the electric and the mag- 
netic field) has a longitudinal component equal in magnitude to 85C, and a 
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component in the .x direction of magnitude &5C,. The transverse com- 
ponent of § is associated with the transverse standing-wave aspect of the 
waveguide fields and specifies the flow of energy requured for alternate 
storage of energy in the ecleetric field at the guide center and in the 
longitudinal magnetic field near the side walls. The longrudmal com- 
ponent of § is associated with the traveling-wave aspeet of the fields and 
specifies the power actually transmitted along the guide. 

The power transmitted may be expressed in terms of &, and 3Czn, the 
peak values of the eleetrie-field intensity and transverse magnetic-field 
intensity, each measured at the center of the guide. By Iaqs. 43 and 44, 





Fic. 18. Variations of phase and group velocity with wavelength Ao. 


the peak values of & and 3, at any point of a cross section are 6, sin v/a 
and 5Crm sin rv/a, and 3Crn equals (m/Z;)(A0/A). Because these quan- 
tities vary sinusoidally and in phase, the tame average of the product, or 
the average power transmitted per unit cross-sectional area, 1s half the 
product of peak values. ‘Thus 


i 
Save io 9 aye ea sv? = (G2) 


Equation 52 indicates that the power transmitted per unt area is not the 
same at all points of the cross section but varies with « from a maximum 
at the guide center to zero at the side walls. 

Consider the element of area shown in Fig. 19 for which the height 1s b 
and the width is Av. If Av is small, the value of §,., is essentially con- 
stant over the element, and by Eq. 51 the total power transmit ted through 
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the element is 


NPG Ae ee n bAx 


NO] 


The total power transmitted by the guide is the sum of the powers 
through a large number of such elements that together make up the 





Fic. 19. Element of area of cross section for calculation of transmitted power. 


entire cross section. This sum is expressed by the integral 


p= | 
0 


eiee sit- 7.0/a = 14 (1 — coc Zoe) 


b a a 2 V 
le ( i dx — i COS = tr) 
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P = GS, Seema) (53) 
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Observe that Eq. 53 could have been obtained directly by use of the 
fact that the average value of the square of a sine wave over a half cycle ts 
one-half. The peak transmitted power per unit area at the center of the 
eurde is Gysc,,,. To ol’tain the to alsaverage power transmitted, this 
quantity is multiplied by the-cross-sectional area ab, by a factor 1% to 
account for the sine-squared variation of the power with time, and by 
another factor 14 to account for the sme-squared variation across the 
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euide. The result is Eq. 53. Alternate forms of Eq. 53 may be obtained 
from the relation between 3C,,, and &),, 








_ es No ae Jl — (Xo/eo)? 
Z, dN Z, 


Because Cp Is proportional to &,, ? is proportional 0 6? or bOTCrm? If the 
cuide dimensions and operating frequency are fixed. 

According to Eq. 53, the transmitted power is the same for every cross 
section along the guide. ‘This conclusion is the result of the assumption 
that the guide is free of loss. In actual guides, however, losses do exist, 
and in consequence the field intensities and the transmitted power 
attenuate as the wave moves through the guide. The amount of the 
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attenuation is of great importance because it determines the efficiency of 
operation of the guide. 

In a practical, air-filled waveguide the losses in the air dielectric are 
negligible so that only the loss caused by current flow in the imperfectly 
conducting guide walls need be considered. Even the ewide-wall loss 1s 
so small that attenuation is appreciable only over relatively long sections 
of guide. Ina section less than a few wavelengths long, the field patterns 
are indistinguishable from those of a lossless guide. Because of the 
smallness of the losses, the resulting attenuation can be calculated by a 
perturbation method similar to the one employed in calculating trans- 
mission-line attenuation (see Art. 13, Chap. VII). The field pattern 11a 
short guide section is assumed to be the same as that in a lossless guide, 
and from the magnetic field of this pattern the guide-wall currents are 
determined and the losses calculated. 

A short section of guide of Jength Az in which the power loss is to be 
determined is indicated in Fig. 20. Because the resistance of the wall 
material is not zero, current penetrates somewhat into the walls. As 
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explamed in Art. 15 of Chap. VII, the current density decreases expo- 
nentially with distance below the surface, but the actual distribution may 
be replaced by a current of uniform density in a surface layer of thickness 
6. ‘lhe power loss per unit area of this surface layer may be related to 
the magnetic field at the conductor surface in the following manner: 
Consider a small clement of the surface layer, for example, the element 
of thickness 6, length Az, and width Av indicated in the figure. As shown 
in Art. 7, the current in this element comprises (1) a transverse com- 
ponent 2, related to the longitudinal component of magnetic-field intensity 
by the equation 2, = 5¢,Az and (2) a longitudinal component 7, related to 
the transverse magnetic field by 7, = 3C,Axv. Because these two current 
components flow in perpendicular directions, the total power loss in the 
element at any instant is the sum of the losses occasioned by the two eur- 
rents acting separately,' and is 


i eee State oe p_. 
A = vee ia ea _ % —_— te “Ae a TR 7A: a2 
P= tap 5Rp TP gay = 5 He Aude + : 
or 
Ap = ; (5,2 + 3C.2)ArdAz (54) 


where p is the resistivity of the wall material and pAxr/d6Az and pAz/dAx are 
the resistances through which flow the currents 7, and zz, respectively. 
Because AvAz is the surface area of the element in which the loss occurs, 
and because 3C,? + 3C,2 = s¢2, the square of the total magnetic-field inten- 
sity at the element, Eq. 54 states that Ap/Axdz (the instantaneous power 
loss per unit area of surface) is equal to (p '6)3C. Consequently, the rela- 
tion of average-power dissipation to the peak magnetic-field intensity 
Km for sinusoidal variation of field intensity and current is 


Average-power loss per unit hal Pan 2 ie 
area of conductor surface 0 


The total power loss for the euide section of Iie. 20 may be found from 
Eq. 55 and from the pattern of the magnetic feld for the TE, 5 wave 
described in Art. 7. Let im be the peak transverse magnetic-field 
intensity at the eulde center as in Eig. 53, and let 3¢,,, be the peak longi- 
tudinal intensity at the side-wall surface. By liq. 55, then, the power 


‘This statement is true only because the current directions are perpendicular so 
that the square of the total current densitysis the sum of the squares of the component 
current densities. If, for example, a 2-amp current in a l-ohm resistor were resolved 
mto two I-amp currents flowing in the same direction, the total power (4 watts) 
would not equal the sum (2 watts) of the power dissipations of the component currents 
acting separately. 
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loss per unit area is 


‘ee, * for any point on the side walls 
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The total power loss in the two side walls ts found by multiplying the 
power per unit area by the wall area 20A¢, and the loss in the top and 
bottom walls is obtained by first introducing the one-half factor for the 
average value of the square of a sinusoid and then multiplying the 
average per-unit-area loss by the wall area Laz, Thus the power loss in 
the entire euide section ts 
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This expression may be simplified by use of the relations 


Goan \ ey ea ve 
(ex) = (2) amd 14 (2) =() 


obtained from Eqs. 42. 44, and 45, p. 575, with the result 


Lpb.. cere” \ 
= _—- » ——-— — — Le 
Or 
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25 8 (**) * 4 ° (56) 


Equation 56 indicates that the power loss in a section of guide 1s propor- 
tional to 3,2, and as P, the power transmitted, is also proportional to 
3Cam2, the power loss 18 proportional to the power transmitted. ‘This same 
relation of power lost to power transmitted occurs in transmission lines 
(see Art. 13, of Chap. VII), and as a result the field intensities and the 
power transmitted decrease exponentially with distance along the hne or 
cuide. The rate of decrease 1s measured by the attenwation constant a, and 


the relation 
eel gene (Se) 


applies, where Po is the value of P at a reference cross section for which 
>= 0. From Eq. 59, p. 517, the attenuation constant 1s 





gl en dP/dz _ 1 power loss per unit length (58) 
eae P Sez _ power transmitted 
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The value of a can be determined from Eq. 58 if for power loss per unit 
length the value of AP/Az from Eq. 56 is employed and if for power trans- 
mitted the value of P from Eq. 53 (with &,, replaced in terms of SCH) 1s 


used. The result is 
Oy es ee ore 2 ny 
Zao (>) : Nee T b 


a =— =z 
Z ] r 
wT Reale “a ab 
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or 
_ 2. a/b =r 2(No/Aco)? (59) 
284 \/1 — (Xo/Neo)® 


A more directly useful form for Eq. 59 is obtained as follows: The 
Intrinsic impedance Z; of air or space is \/ 0/29, and the skin depth 6 for 
nonferromagnetic conductors is +/ p/muof or +~/pro/mucc. Thus the 
attenuation relation becomes 





_ Vp 1 afb + 2(ro/Xeo)? 
5 a Vio VI = Oo/he 


Multiplication by +/ Neo! Aco = 7 Aco/2a yields 


a, Ro Vp Aco A/D + 2(Ao/rew)? (60) 


—_—_—— 


2 a No 4/1 — (y/d.,)? 


In rationalized mks units a and b in Eq. 60 are in meters, p is in ohm- 
meters, ¢ in meters per second, ¢o in farads per meter, and @ in nepers per 
meter of guide length. 

Kvaluation of +/m9¢/2 yields 0.0647 ohm—". Furthermore, 1 neper is 
5.686 db (see Art. 13, Chap. VII). Hence, for an air-filled guide the 
attenuation is 


_ . 5 ; 
a = 0.561 Ve ‘ [os a0 + 2(Ko/ do»)! db per m (61) 
a Xo v1 a (Ao/Aew)? 


In Fig. 21 the quantity aa**/+/p is plotted as a function of ey. 
The shapes of the curves result from the combined effect of the three 
factors mvolving wavelength in Eq. 61. The curves indicate that the 
attenuation is high near cutoff and abain at frequencies far above cutoff. 
In the derivation of Inq. 61, the assumption was made that losses were 
small. This assumption is not Justified at frequencies very close to 
cutoff where the attenuation given by Eq. 61 becomes exceedingly large. 


Arr. 10] HIGHER ORDER WAVE TYPES Son 
This equation should be employed only at frequencies for which it specifies 
relatively small values of attenuation, and the curves of Hig. 21 are 
plotted in such a range. 

Figure 21 indicates that operation at a frequency well above cutoff is 
desirable to obtain low-loss transmission. I¢xcessively high frequencies 
relative to the eutoff frequeney should be avoided, however, not only 
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lic. 21. Attenuation curves for T7F1,0 wave in a rectangular waveguide. 


because of the incressed attenuation but also because higher order waves 
can be transmitted at these frequencies. As explained in Arts. 10 and 11, 
higher order waves are not transmitted if the transverse-wave wavelength 
\o is greater than @ and ereater than 2b. Thus the operating frequency 
should lie to the left of the dash-dot line in Fig. 21. 

10. Higher Order Wave Types in Rectangular Waveguides. Under 
certain conditions, types of transverse-clectric waves other than the 
TE, wave described in the previous,articies and also transverse-mag- 
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netic waves may be propagated within a rectangular waveguide. If, for 
example, the spacing of the reflecting plates in Fig. 11 1s made equal to 
\o/cos a instead of Ap /(2 cos a), two half-cycle variations of electric-field 
intensity occur along the larger transverse dimension of the guide, and 
the wave propagated, called a T’H25 wave, has the pattern of Fig.22A. In 
more general terms, a type T/,,9 Wave may be set up within the guide 
when the side-wall spacing 1s mAo/(2 cos a), where m signifies the number 
of half-period variations in the eleetric-field intensity along the a dimen- 
sion of the guide. 

Another group of transverse-clectric wave types results when rays of 
the source waves are directed obliquely toward the top or bottom wall of 
the guide and polarization is along the larger transverse dimension. The 
component waves within the guide, instead of being reflected from the 
side walls, are reflected from the top and bottom walls, and the resultant 
T’io,, Wave within the guide has a field pattern rotated 90 dee from that 
of a T'H,,o wave, as indicated in Fig. 22B. The subscript n in the type 
designation denotes the number of half-period variations of the electric- 
held intensity along the smaller transverse dimension. 

If a ray of a source wave ts directed obliquely into a corner of a rectan- 
gular guide, reflection occurs from all four walls. If the electric-field 
lines of the source wave lie along interseetions of the wavefront with 
transverse planes of the guide, the wave transmitted in the guide ts trans- 
verse electric. ‘The electric-field intensity of the guided wave varies along 
both transverse dimensions of the guide, and the wave is designated as a 
TE ,,, Wave, where m and n represent the number of half-period variations 
of electric-field intensity along the a and } dimensions, respectively. The 
field pattern of a TF, wave is illustrated in Fig. 22C. 

If the source wave directed obliquely into a corner of the euide is 
polarized so that the magnetic-field ines of the source lie in a transverse 
plane of the guide, the resultant wave within the guide is transverse mag- 
netic and is designated as a TA,,, wave. The electric-field intensity of 
PAM »,» Waves Varies along both transverse dimensions of the eulde, and 
und » have the same significance as for transverse-clectric waves. The 
held pattern of a TAL, wave is illustrated in ho 221): 

The field configuration of TF .o, Py, and TA. waves may be 
regarded as basic configurations because the patterns of all the higher 
order waves may be formed from these three. For example, a TEs 9 
pattern may be obtained by placing two small euldes, each carrving a 
Tioyo Wave, adjacent to each other. Removal of the common walls 
yields the THz pattern. ff neither’ mtu nor nis zero, the pattern of a 
PE.» Wave may be formed by stacking a number of identical small 
guides in a close rectangular array m guides wide and n euldes high. 
Hach of the small guides carries a TE, , wave, and waves in adjacent 
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guides are m phase opposition. Removal of the inside walls of the array 
yields the pattern of the TF,,,, wave. Patterns of TA/,,,, waves may be 
built up in a similar way if each small guide carries a 7/1, wave. 

It may be shown that associated with each possible wave type is a cutoff 
wavelength related to the cross-sectional dimensions of the guide in the 
following manner: 


a (62) 
/(m/2a)? + (n/2b)? 
For either transverse-clectric or transverse-magnetic waves, m and n may 
have any positive integral values, 1, 2,3, ... . For transverse-clectric 
waves only, either m or n may also be zero. Thus, ina guide in which ais 
greater than b, the 7’£,,9 wave has the longest cutoff wavelength and for 
this reason is called the dominant ware. Setting m = 1 and n = 0 in 
Eq. 62 yields the cutoff wavelength of the dominant wave },, = 2a in 
agreement with the value given in Eq. 40, p. 574. 

The length of higher order waves along the axis of a guide may be 
obtained from the guide-wavelength relation for a TE.) wave (Iq. 41, p. 
o/+), provided m the relation \,, is the cutoff wavelength of the higher 
order wave. Since \,. is shorter for the higher order waves than for the 
dominant wave, the higher order waves have the longer guide wave- 
lengths. Similarly, each higher order wave has its own phase and group 
velocity which may be obtained from the relationship for the TE .o-wave 
phase and group velocities (Eq. 49 and ol) through use of the appropriate 
value of Neo. 

11. Rectangular-waveguide Dimensions. The dimensions of rec- 
tangular waveguides for radar use are usually chosen so that only the 
dominant wave can be transmitted. Any higher order waves set up 
within the guide are then attenuated rapidly m the vicinity of their source. 
Higher order waves may originate at discontinuities (such as bends, 
twists, matching devices, and transmit-receive devices) which are always 
present in any practical installation. Elimination of higher order waves 
1s desirable because of the extreme difficulty of designing guide termina- 
tions and matching devices to operate satisfactorily with respect to more 
than a single wave type. To permit propagation of a TE 1,9 wave, the 
guide dimension a must exceed \o/2. To prevent propagation of the 
L’f2,o and the higher order TE, waves, a must be less than Xy. The b 
dimension of the guide must be less than \o/2 in order to prevent propaga- 
tion of 7'Ey., and higher order Lo, Waves. Choosing a and b so as to 
prevent 7/25 and 7'Ey,; waves also énsures that other higher order trans- 
verse-electnic and transverse-magnetic waves will not be propagated. 
Thus the cross-sectional dimensions should satisfy the following 
mequalities: 
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Factors that affeet the choice of guide dimensions within the imitations 
of the above inequalities are the attenuation and the amount of power that 
the euide must. transmit. rom the attenuation curves of ig. 21, 1 may 
be seen that, in order to keep the attenuation low, @ should be chosen so 
that operation is well above the cutoff frequency and b should be made as 
large as possible. The maximum power ‘apacity may be determimed 
from Eq. 53, p. 582, expressed in the following form: 


I & na ; N () F | oS mi : x: =: 
—— — = = = — wry 
e 4 yi \ ee) ab eo 7: b \/a Xo / ) (63) 


i 


Thus the power capacity for any operating wavelength Ao depends upon 
Sm, a, and b. The maximum allowable value of &n is fixed by the nature 
of the dielectric, and thus both a and b should each be made as large as 
possible if higher power capacity 1s needed. In practice, bis usually made 
about half a. 

A list of Army-Navy standard-size rectangular waveguides, together 
‘with some of their properties, is given in Table 1. The attenuations 
quoted are for brass-walled guides, and the power capacities are based 
upon a peak field strength of 3 \Iv per m and apply only if no standing 
waves (see Art. 12. Chap. VII) are present in the euide. 


TABLE 1. ARMY-NAVY STANDARD-SIZE BRASS RECTANGULAR WAVEGUIDES 


ee ee ee ES 


| 


| | Inside dimensions 











ne Cutoff Range of Attenuation cceoe 
Type No. dimensions a | | wavelength operating in operating ae tin 
| for TE,,0 | wavelengths, range, _ 
| an | at 0.7 eo, 
—— ee a cm db/m ane: 
| D7. ("an In, | Cm 
; | heed | oe alae | 
RG-48/U 3X14 12.84 | 7 22)1.34 5.40 14.44 7.6-11.8 | 0.034-0.048 10.9 
RG-49/U 2X 1 1.872, 4 76 ee 9.52 5.0-7.6 (0. 064-0. 086 4.5 
RG-50/U 14, X 35 1.372) 3.48]/0.622,1- 58) 6.96 3.8-5.7 0.104-0.146 Jao 
RG-51/U 144, XK 34 1.122] 2.86/0.497)1 .26) mi 2 3.0-4.7 0.152-0.225 1.54 
RG-52/U 1X 46 |0.900) 2.290.4001.02) 4.58 2.4-3.7 | 0.199-0.278 1.00 
RG-33/U 4% X14 (0.420! 1.07/0.170/0.43} 2.14 | 141.74 OMe 0.93 0.20 
RG-69/U |6.66 X 3.41 {6.50 )16.52/3.25 8.26} 33.0 17.5-26.4 |0.092 X 107} 58.4 
| | OF 13) x 1074 | 











| | 


12. Waveguide Fields for Frequencies below Cutoff. As explained m 
Art. 7, TE1,0 waves can travel through an air-filled rectangular wave- 
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guide of width a, provided the frequency of the waves exceeds the cutoff 
frequency c/2a. Waves of lower frequency cannot be propagated in the 
guide. ‘This statement does not mean that low-frequency fields can 
never exist inside a guide; rather, low-frequency fields, like static helds, 
can enter the open end of a guide, but only to the extent of a fringing 
effect. The fringing fields become negligible at relatively short distances 
from their source. In contrast, high-frequency fields may be propagated 
long distances through the euide with definite phase velocity and little 
attenuation. 

An example related to the TH, wave of a rectangular guide may help 
to explain the fringing fields and waveguide operation below the cutoff 
frequency. In Fig. 234, a source of low-frequency alternating current is 
connected to the open end of a rectangular waveguide at the mid-points of 





{A) CURRENT DISTRIBUTION (8) FIELD DISTRIBUTION 
INSIDE GUIDE 


Fic. 23. Fields in a waveguide connected to a low-frequency current source. 


the top and bottom walls. The paths of current through the waveguide 
conductors are indicated roughly by the curved arrows. Lines of mag- 
netic-feld intensity encircle the current source, and these are represented 
by the dashed-line arrows marked 3¢ in Ing. 23B. If the resistance of the 
guide walls is ignored, the Voltage at the source terminals wil] be only the 
voltage induced by the changing magnetic flux, and the load impedance 
for the source will be a small inductance. For very low frequencies, the 
small reactance of this inductance produces a negligible voltage drop, and 
the corresponding electric field can be ignored. 

Increasing the frequency of the source current increases the reactance 
of the inductance, increases the voltage at the source terminals, sand 
therefore produces an appreciable electric field between top and bottom 
Walls of the guide, as indicated by the solid-line arrows in F 12. 23B. The 
time variation of the electric-field intensity is in phase with the voltage 
rariations and therefore 90 deg out of phase with the magnetic-field inten- 
sity variations. The combination of electric and magnetic fields repre- 
sented in this figure is one of the fringing-field patterns that may occur in 
a& rectangular waveguide at frequencies below cutoff. It is very nearly 
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the pattern of an allenualed THiy,9 ware (that is, a TH), wave at a fre- 
queney below entoft) and would be exactly the field pattern of this wave i 
{he eurrent souree were distributed across the end of the guide in such a 
Way as to produce a sinusoidal distribution of the electrie-field intensity. 

The penetration of the fields of Fig. 2328 into the guide mereases with 
inerease of the souree frequeney. The displacement current, or rate of 
change of eleetric fhix, associated with the changing electric field leads the 
voltage at the souree terminals by 90 deg. The conduetion currents, in 
phase with the magnetic-field intensity, lag the voltage by 90 deg. This 
the transverse currents indicated in Fig. 28.4 may be considered partly 
offset by the displacement current, leaving a greater portion of the source 
current to flow longitudinally and set up magnetic fields at positions 
farther into the mide. 

If the frequeney is sufficiently increased, a resonant condition is reached 
in which the transverse conduction currents are completely offset by dis- 
placement current, and the fields extend at constant amplitude indefi- 
nitely far into the guide. In this resonant condition, the guide may be 
thought of as two very broad parallel-strip lines, each a quarter-wave 
long (corresponding to a2) and terminated in a short circuit, connected 
to the eurrent source in parallel. Thus resonance corresponds to the 
cutoff frequeney, and the fields correspond to two transverse waves 
traveling back and forth between the side walls. 

At frequencies above cutoff, a marked change from the field patterns of 
Fig. 23B to those of Fig. 12. p. 572, occurs, and this change can be 
explained in terms of transverse waves moving diagonally through the 
euide (sec Arts. Gand7). Note that the electric-field-mtensity pattern m 
anv transverse plane is the same above and below cutoff, but the single 
set of loops of the magnetic lines obtamed at low frequencies breaks into 
a series of such loops at half-wave intervals, and the position of the loops 
shifts so that the maximum transverse magnetic-field intensity occurs m 
the same place as the maximum electric-ficld intensity. 

Associated with the change of field patterns at cutoff is a change mn 
energy relationships. Above cutoff, the electric-field intensity & and the 
transverse magnetic-field intensity 3C, are in phase, and the Poynting 
vector indicates the flow of energy through the guide (see Art. 9). Below 
cutoff, both 5¢, and the longitudinal component JC, are 90 deg out of phase 
with & and the Poynting vector indicates no net transfer of energy 
through any arca inside the guide over an integral number of cycles. 
Thus propagated waves provide a transfer of energy or power transmis- 
sion. Attenuated waves represent only stored energy. In general, the 
appearance of attenuated waves in a guide ts associated with the effect of 
a reactive element because of the stored energy. For the 71,9 waves, 
the reactive element 1s always inductive because the net stored energy 1s 
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magnetic. (At very low frequencies, only the magnetic field need be 
considered. At higher frequencies, the electric field is important but 
stores less energy than the magnetic field for all frequencies below the 
resonance corresponding to cutoff.) 

Attenuated TH,» waves in a rectangular guide are of interest in a few 
special circumstances. For example, the fields of these waves are possible 
sources of feedback in i-f amplifiers (see Art. 21, Chap. VI), and wave- 
guides operated below the cutoff frequency are sometimes used as atten- 
uators in r-f systems (see Art. 8, Chap. XII). Attenuated Waves of 
higher order are of much greater importance, however, because they 
appear in normal waveguide operation. Many devices in waveguides 
generate the higher order waves, but because of the choice of waveguide 
dimensions (Art. 11), the fields of these waves are confined to the vicinity 
of the sources. 

The general appearance of the fields of any attenuated transverse- 
electric wave is suggested by the relation of the fields of Fig, 23B to the 
fields of a propagated TH, wave. ‘he electric field is transverse and 
has the same pattern as in a propagated wave. The magnetic field is 
obtained from a single half-wave section of the pattern In a propagated 
wave, the phase of the transverse-magnetic-field intensity being shifted 
90 deg. All transverse-electric waves have the same general properties 
described for the TEj,) waves: the net stored energy is magnetic at all 
frequencies below cutoff, and appearance of an attenuated transverse- 
electric wave in a guide is associated with the effect of an inductance. 

The same statements apply to attenuated transverse-magnetic waves, 
except that the roles of electric and magnetic fields are reversed. The 
magnetic field, in the transverse plane, has the same pattern as it does in a 
propagated wave. The stored energy is almost entirely in the electric 
field at very low frequency, and the net stored energy 1s electric at any 
frequency below cutoff. Thus an attenuated transverse-magnetic field 
IS associated with a capacitance. This effect is illustrated for the 7M 11 
wave by the diagram of Fig. 24, in which a voltage e is applied between 
the guide wall and a point at the center of the input cross section. For 
very low frequencies of the applied voltage, the only appreciable field is 
the electric field represented by the solid-line arrows, and the load for the 
voltage source is a capacitance. At higher frequencies, magnetic-field 
lines (indicated by dashed-line arrows) encircle the displacement current 
associated with the changing electric field. 

The changes that occur from one cross section to another as a wave 
travels through a euide may be expressed in terms of a complex-number 
propagation constant (see Art. 13, Chap. VII). Fora propagated wave, 
the real part of the propagation constant, the attenuation constant, is 
zero (except for the effect of power loss) and the imaginary part, the 
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phase constant, has the value 6. Thus the wave travels without, loss of 
amplitude but with progressive increase in phase delay. For an attenu- 
ated wave, the reverse oceurs. The intensity of the fields decreases 
exponentially with distance, and the phase does not change. ‘Thus the 
phase constant is zero, and the attenuation constant is greater than zero. 

The value of the attenuation constant for any attenuated waveis related 
very simply to the phase constant of the corresponding propagated wave. 
The propagation constant for any wave is 0 + 7(@ e) ay 1 — Oa Der. 





Fig. 24. Fields in a waveguide connected to a low-frequeney voltage source. 


(This value is obtained from the phase constant 6 of a T’1,9 wave given by 
Eq. 50, p. 578. It applhes also to higher order waves, as explained in 
Art. 10.) In slightly different form, the propagation constant 1s 


oc Dee G . a do \* | G) Ti 4 \ 
Noh - QA 


and thus is a real number for frequencies below cutoff (Ao > Neo). Jas 
real number is the attenuation constant! a of the low-frequency fields. 
Thus, for attenuated waves, 


ee) _ < yi em. 7 a 2\ : 
OS = 2 /(%) be (>) ai PD (>) (65) 


At very low frequencies, (2 Ao)” becomes negligible relative to 1/a° ancl 





joe ior asst (66) 


1That the propagation constant derived in terms of above-cutoff fields (see Arts. 
5, 6, and 7) should apply to below-cutoff fields is not at all obvious. The propagation 
constant can, however, be derived in a different way that is valid for all frequencies. 
The alternate derivation requires the solution of the electromagnetic-wave equation 
for boundary conditions appropriate to waveguides and may be found in many texts. 
See, for example, J. C. SLATER, Microwave Transmission, 130-138 (McGraw-Hill Book 
Company, Inc., New York, 1942). 
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At frequencies far below cutoff, therefore, the intensities of the fringing 
ficlds of attenuated waves are reduced by x nepers (that is, multiphed by 
the factor e-* = 0.0476) for each distance a that the point of observation 
1s moved away from the source of the waves. This attenuation may be 
expressed also as 26.5 db per a dimension. 

Observe carefully the differences between the attenuation specified by 
luqs. 65 and 66 and the attenuation that occurs above the cutoff fre- 
quency because of the resistance of the guide walls. First, the attenua- 
tion below cutoff is much greater in magnitude than that due to losses in 
useful waveguides. Second, the below-cutoff attenuation is not the result 
of a change of clectromagnetie enerey into heat. At low frequencies, the 
electric and magnetic fields are 90 deg out of phase, so that no power is 
transmitted. The guide fails to deliver power to a load, not because the 
power Is lost in transit, but because the guide does not absorb power from 
the source. 

13. Waveguide Impedances. In the preceding articles, the propaga- 
tron of waves through guides has been studied with little regard to the 
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lie@e25. Operation of waveguide with souree and load. 


devices used to launch the waves at one end of the guide and receive them 
at the other. The relation of terminating devices and auxuiary equip- 
ment to waveguides is very important. The present article begins the 
study of such relations by a consideration of the source-guide-load system 
In ig. 254. The frequency of the source in this heure is assumed to be 
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chosen so that dominant waves ean be transmitted through the guide, 
whereas higher order waves are attenuated to neghgible amphtudes within 
a short distance from their points of origin. 

Near the input of a waveguide, the configuration of cleetrie and mag- 
netie fields depends largely upon the geometry of the source and ordinarily 
is very different from the field pattern of a Tiy,0 wave. The field con- 
fieuration may, however, be thought of as the sum of 7/,,o and higher 
order Waves—much as an arbitrary funetion of time ts considered the sum 
of its Fourier components. Because of the conditions specified for the 
source frequency, the higher order waves are restricted to the input 
region of the guide, and the dominant wave travels through the ode. 

The dominant wave travels to the load, and reflections of portions of 
the wavefront from the various boundary surfaces of the load device cause 
a resultant field pattern near the load that may be very different from 
that of the incident Ty. wave. Ordinarily, two 7/4), Waves—an 
incident wave and a reflected wave —and a variety of higher order waves 
must be summed to obtain the pattern actually present. The load 1s 
thus equivalent to a generator of higher order waves that hecome neghi- 
cible at a short distance from the load and of a P1,0 wave that travels 
from lond to source. As suggested by Fig. 254, therefore, the fields in 
the guide are the sum of two T),o waves traveling in opposite directions, 
plus higher order waves in the termmating regions. 

The dominant waves are responsible for the transfer of energy from 
souree to load. Therefore. for most purposes, the higher order waves 
may be ignored and the waveguide system studied in terms of the relation 
of source and load to the dominant waves. With respect to dominant 
waves, the circuit of Fig. 25B may be considered an equivalent circuit for 
the waveguide system. The forward and return waves on the transmis- 
sion line are analogous to the two dominant waves in the guide. 

In Chap. VII, oppositely directed transmission-line waves were found 
to combine to vield a standing-wave pattern. In exactly the same way, 
the dominant waves in the guide combine to yield standing waves of 
electric- and maenctic-field intensities. When there is no reflected wave, 
the intensities of the electric and magnetic fields have the same rms value 
at any cross section along the guide (except, of course, for the attenuation 
caused by losses). With a reflected wave present, the maxima of eleetric- 
field intensity occur at intervals of a half wavelength, where the electric 
fields of the two component waves ure in phase. Midway between the 
electric-field maxima are the minima of the eleetric field and the maxima 
of the transverse magnetic field. The physical distance between succes- 
sive maxima or minima is half the guide wavelength \ Qwhich exceeds Xo, 
the length of transverse waves—see liq. 41, p. 574) and is therctore 
ereater than the corresponding distance for transniussion-line waves of 
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the same frequency. Correspondingly, the length of the transmission 
line in Hig. 25B must be less than the physical length of the guide it 
represents in order that the lengths in electrical degrees may be equal. 
Standing-wave patterns in guides may be measured in sections of eulde 
free of higher order waves by techniques very similar to those employed 
with coaxial lines. Devices for these measurements are described in 
Art. 18, Chap. XII. 

If the standing-wave ratio is unity (that is, if the load is adjusted so 
that only the dominant wave traveling from source to load is present), 
then the electric-field intensity & and transverse magnetic-field intensity 
3C, In regions free of higher order waves have the values viven by Eqs. 43 
Aa). OT o: : 


& = (&, sm = cos (wt + 90° — Bz) 





or ener a O... son 
<a e smn it cos (wt + 90 Bz) 


Throughout any cross section, therefore, the variations of & and 3C, occur 
in the same phase, and the ratio of & to 3C, has the constant value 


. 
Ky Xo Wil (N0/Nco)? 


The quantity Z. is the characteristic wave ampedance of the TH,5 wave. 
For air or space as the dielectric medium 





Ze = 307 = = 377 Pi enee eta ZS ohms (68) 
Xo Vale 


The characteristic wave impedance of Eqs. 67 and 68 corresponds to 
the characteristic wave impedance Z. = Z; of the parallel-strip line (see 
Art. 2) and, less closely, to the characteristic resistance R. of the line. 
As pointed out in Art. 2, Z. must be distinguished from R,—TE, 9 waves 
in rectangular guides of the same a dimensions but unequal b dimensions 
have the same characteristic wave impedances; however, a matched con- 
dition is not obtained if two such guides are joined. Furthermore, the 
characteristic resistance of a transmission line is independent of Irequency, 
whereas the value of Z. is altered by a change of frequency. Observe 
that in the definition of characteristic wave impedance only the field 
components in the transverse plane are employed. As explained in Art. 7, 
only these components are associated »with the traveling-wave aspect of 
waveguide fields. 

sometimes it is helpful to associate with a waveguide a characteristic 
impedance that is a ratio of voltage to current. Such impedances may 
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be defined in a number of ways,! but their usefulness is Himited beeausc 
their definition requires rather arbitrary choices of voltage and current, 
Only the wave-impedanee concept is employed in this hook. 

If the standing-wave ratio for the guide in Pig. 254 is not unity, the 
electrie- and magnetic-ficld intensities at any cross section must he 
obtained by adding the field intensities of the incident and. reflected 
waves. The variations of the resultant intensities & and dC, are, in gen- 
eral, no longer in phase. ‘The relation of & to 3, Within any cross seetion 
may be deseribed by a complex-number wave impedanee Z. The magni- 
tude of Z indieates the peak values of & divided by that of 3C,, and the 
angle of Z denotes the phase of & relative to that of ,. Lhe quantity Z 
is the znput ware impedance for the section of the euide to the meght (in 
Fig. 254) of the cross section for which 1t specifies the & to 3C, relation. 

The relation of incident and reflected waves to the resultant standing 
wave is exactly the same for the field intensities ma guide as it is for the 
voltage and current of a transmission line. Therefore, a complex-number 
reflection coefficient Pr may be assigned to each cross section of a wave- 
cuide to express the magnitude ratio and phase difference for incident 
and reflected electric-field-intensity waves at that cross section. ‘The 
relation of I to Z/Z, is the same as the relation of the transmission-line 
reflection coefficient to Z/R, = z, the per-unit impedance. Thus, if 


z= (69) 


is defined as the per-unit impedance at any cross section of the guide, the 
corresponding reflection coefficient is given (see Eqs. 37 and 39, pp. 499 
and 496. of Chap. VII) by 

Zoo 


z+ | 


The Smith chart, p. 500, is the graphical expression of this relation and 
ean therefore be used to relate reflection coefficient to per-unit impedance 
in waveguides. 

The Smith chart provides a convenient means of determining the per- 
unit impedance at any cross section of a euide from standing-wave 
measurements. The procedure is exactly the same as that used with 
transmission-line waves. Ata point of minimum electric-field intensity 
(or maximum magnetic-ficld intensity), the per-unit impedance 1s resis- 
tive and equal to 1/p, where p is the standing-wave ratio. A point on the 
Smith chart is thus determined. By an appropriate rotation of this 
point, the per-unit impedance at any cross section may be found. The 
wave impedance at the cross section may be calculated from the cor- 


Cs 


1S A. ScHELKUNOFF, Electromagnetic Waves, 319 (D. Van Nostrand Company, 
Inc., New York, 1943). 
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responding per-unit impedance and the characteristic wave Impedance 
of the guide. 

Standing-wave measurements of fields in a region free of higher order 
Waves may be used in this manner to determine the per-unit impedance 
21 of the load device (see Fig. 254) and the per-unit input 1mpedance z, of 
the entire guide, which quantity is the per-unit impedance that the source 
faces. These quantities are useful because the first expresses the effect of 
the load upon the waveguide and the second indicates the effect of the 
guide upon the souree—the power delivered by the source, for example, is 
a function of the per-unit input impedance. 

The wave impedance of a load and the wave mmpedance faced by a 
source can be calculated from the corresponding per-unit impedances. 
The wave impedances, however, are of little use and are seldom deter- 
mined. The wave impedance specifies the ratio of field intensities for the 
TE y,o wave and has no direct physical significance in the load and source 
regions, where the higher order waves are important. Moreover, the 
wave rmpedance of a load, for example (in contrast to the load impedances 
of circuit theory), is not a property of the load alone but applies to a load 
used with a particular size and shape of guide. The wave impedance is 
thus no more characteristic of the load than is the per-unit quantity, and 
there is no advantage in extending calculations beyond the determination 
of the per-unit impedance. 

Typical load and source devices have dimensions large relative to a 
guide wavelength. Thus the distances required in calculating load and 
input per-unit impedances from standing-wave measurements become 
difficult to determine. To permit accurate specification of the system, 
reference planes must be assigned to the load and the source, asin F ig. 20a, 
and per-unit impedances calculated with reference to these planes. he 
positions of the reference planes may be chosen arbitrarily, and the 
impedance values obtained depend upon the location of these planes. 
To specify the effect of a load on a waveguide, the per-unit impedance 
and the reference-plane location must be stated. 

As an example of Waveguide tmpedance calculations, assume the guide 
mn Fig. 25A to have outside dimensions of 3 by 1% in. and an a dimension 
(see Table 1) of 7.22 em. The guide is 120 em long between reference 
planes and is operated at 3,000 Meps (Xo = 10 em). Standine-wave 
measurements mn the central region indicate a standing-wave ratio p = 3 
and a position of minimum clectric-field intensity 40 em from the load 
reference plane. The cutoff waveleneth \,, = 2a is 14.4 em, and the 
guide wavelength, by liq. 41,is  ¥W. 


a 


‘ 


Xo 10 


VE = (o/doo)? y= (10/1? 


= 13.9 cm 


Arr. 1-4] IMPEDANCE-CHANGING DEVICES 601 


Thus the distance from the load to the measured point of minimum clec- 
trie-field intensity is 4013.9 = 27% wavelengths, and from the minimum- 
clectrie-field point to the source is 80/13.9 = 594 wavelengths. 

The per-unit values of input. impedance and load impedanee may be 
found from these data. The source reference plane, located an odd 
number of quarter wavelengths from the eleetrie-field minimum, Is at a 
position of maximum eleetric-fhield intensity. The per-unit input imped- 
anee is thus resistive and equal to p, which has the value 3. This 1imped- 
anee may also be found by turn- a>, 
ing clockwise from point -l at 
0.333 + 70 in the Smith chart nl 
Fig. 26 through an angle corre- 
sponding to 594 (or }4) wave- 
leneths to point PB at 3 + J0. 
Turning counterclockwise from 
point A through an angle corre- 
sponding to 274 (or %g) wave- 
leneths vields at point C the per- 
unit load impedanee which is 
0.6 + 30.80. 

The characteristic wave im- 
pedance of the guide Z, Is 


oe sx 138010 or 925 ohms. Fig. 26. Construction on Smith chart for 
example based on Tig. 25. 





The wave impedance varies from 
one cross section to another from a value of 525 X 3 = 1,575 ohms, 
resistive. at a point of maximum electric-field intensity, through induc- 
tive and capacitive values to 5753 = 175 ohms, resistive, at a point of 
minimum electric-field intensity. 

14. Impedance-changing Devices. Often in radar, r-f transmission 
systems are not perfectly matched by the load devices. The standmg 
waves that result are undesirable in waveguides, as they are mn two-wire 
lines, because of the associated merease in power loss, reduction of power 
capacity, and imcrease of frequency sensitivity. Impedance-changing 
devices are therefore introduced near the sources of reflected waves to 
provide a standing-wave ratio nearly equal to unity over the major part 
of the system. Impedance-changing devices are employed also near the 
source to provide a load impedance for the source of optimum value. 

A waveguide device analogous to the short-circuited stub used in imped- 
ance transformers for two-conductor lines would be a length of guide 
closed at one end by a conducting wall. Such waveguide stubs are not 
employed to control impedances in waveguide systems because simpler 
devices are available. The simpler devices are posts or screws and irises. 
These devices perform the same function as do the transmission-lne 


602 WAVEGUIDES (Cuar. VIII 


stubs: They provide shunt susceptances at appropriate points in the 
equivalent circuit of the waveguide system. 

Waveguide posts are conducting rods that enter the dielectric space in a 
guide, as in Fig. 274, or extend completely across the guide, as in Kig. 
276. <A post of adjustable depth of penetration can be constructed in 
the form of a matching screw, as in Fig. 27C. 

The effect of a post on the waveguide may be explained in one a 
the guide (in which only 71,5 waves are propagated) is thought of as 
similar to a parallel-strip line, except that the voltage between conductors 
and the longitudinal current vary sinusoidally from a maximum at the 





(A) POST PENETRATING INTO (8B) POST EXTENDING THROUGH (C) SCREW 
GUIDE GUIDE 
Bay—- Bdo— d d 
ae) . ee a 
es be 
(0) EQUIVALENT CIRCUIT FOR POST (E) EQUIVALENT CIRCUIT FOR POST 
OR SCREW COMPLETELY ACROSS GUIDE 


Fig. 27. Posts and screws in waveguides. 


center to zero at the edges. The short post of Fig. 274 or the screw of 
Pig. 27C may then be likened to a capacitor plate extending from one 
transmission-line conductor. In this way, the equivalent circuit of Fig. 
27D is suggested. Similarly, the post of Fig. 27B resembles a conducting 
wire joining the line conductors. The post is not a perfect short circuit 
because it is encircled by a magnetic field and possesses an inductive 
reactance, as indicated by the equivalent circuit of Eee Ze. ee thine 
susceplances of the equivalent capacitor and inductor in Figs. 27D and EB 
decrease if the diameter of the post 1s decreased or if the post is moved 
from the center toward one side of the guide into a region of weaker elec- 
tric fields. 

These conclusions perhaps require interpretation in terms of the mean- 
ing of the equivalent circuit. > As explained in Art. 13, the transmission- 
line symbol used in a waveguide equivalent circuit indicates only that 
the dominant-wave fields in the guide are described by a standing-wave 
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pattern obtained by summing an incident and a reflected wave. The 
equivalent circuits of Figs. 27D and EF, therefore, indicate that two differ- 
ent standing-wave patterns, both comprising dominant waves only, must 
be considered, one on cither side of the post. Beeause the post is repre- 
sented as a shunt element, the electric-field intensity (corresponding to 
voltage) at the post is the same in the two patterns, whereas the magnetic- 
field intensity (corresponding to current) of the patterns makes an abrupt 
change at the post. 

Justifying the shunt connection directly from the field distribution ts 
difficult: because fields near the post are the sum of dominant waves and 
higher order waves gencrated at the post, and only the dominant waves 
are accounted for in the equivalent circuit. It may be seen, however, 
that longitudinal components of guide-wall currents approaching the 
post from the source must account for the sum of the current In the post 
and the longitudinal current leaving the post. ‘Thus the post 1s associated 
with a change in longitudinal currents and a corresponding change in the 
transverse magnetic-field intensity. 

The nature of the shunt element in the equivalent circuit may be deter- 
mined by considering the fields of the higher order waves near the posts. 
These fields represent the difference between the total field intensities 
and the sum of the field intensities of the dominant waves. [Tor the 
short posts of Figs. 274 and C, the additional field is mainly an electric 
field, with field-intensity lines leaving the end of the post 1n all directions. 
Corresponding to the electric field, a capacitance appears in Fig. 2D) 
Similarly, the post of Fig. 27B is encircled by a magnetic field, and the 
equivalent circuit contains an inductance. Alternatively, for Pio 2 Aa 
may be observed that the electric-field intensity has a longitudinal com- 
ponent near the post. Thus higher order transverse-magnetic waves arc 
eenerated, and the net stored energy is electric-field energy (sec Art. 12). 
In Fig. 27B, the magnetic-field intensity of the higher order waves has a 
longitudinal component; therefore, higher order transverse-clectric waves 
are generated, and the stored energy is predominantly magnetic. 

The higher order waves in Fig. 27A are not entirely transverse-magnetic 
because the conduction current in the post and the displacement current 
below the post result in magnetic-field lines encireling the post and the 
electric-field lines. Because of the inductive-reactance voltage gencrated 
by the rate of change of the magnetic flux, a more detailed equivalent 
circuit, which is applicable for any depth of penetration of the post, is the 
circuit of Fig. 234. 

For small penetration depths, the reactance of L is small and that of C 
is large, and the net reactance is capacitive. With increase of penetra- 
tion, inductance and capacitance both increase, and ata critical penetra- 
tion series resonance occurs. The guide is then effectively short-cir- 
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cuited ; beyond the post only the higher order waves are present, and these 
attenuate rapidly with distance. Penetration depths greater than the 
resonant value cause the inductive reactance to predominate, and the 
capacitance of Fig. 28A becomes a short circuit when the post extends 
from wall to wall. Typical variations of reactance and susceptance 
associated with the change of penetration depth are indicated in F 19. 28B. 
The penetration distance for series resonance is approximately \o/4. 
The reactance of a matching device depends upon the eude dimensions 
as well as upon the device itself and therefore, like the impedance of a load 
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device, is always expressed as a per-unit quantity. Furthermore, the 
value of the per-unit reactance (and, in fact, the structure of the equiv- 
alent circuit) is dependent upon the choice of reference planes. For all 
the equivalent circuits of Figs. 27 and 28, a reference plane is taken 
through the center of the post, as indicated by the dimensions d; and d> in 
hig. 27. The transmission-line symbols in the equivalent circuit repre- 
sent guide sections on either side of this post extending to the reference 
plane. 

An iris is a metal diaphragm located in a transverse plane of a wave- 
guide and containing openings (called windows or apertures) through 
which the waves may pass. ‘li the aperture divides the diaphragm into 
two parts, one attached to the top of the guide and one to the bottom, as 
in Fig. 29A, a capacitive iris is formed. If the window divides the 
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diaphragm into parts attached to the side walls, @6 in lig. 304A, an 
rnductive iris is produced. 

The equivalent cireuit for the capacitive iris (ig. 295), which is drawn 
for a reference plane through the eenter of the iis, may be explaimed in 
much the @ante mannersas that of the short matching past. The field 
added to the dominant-wave fields in the vicinity of the iis comprises 
mainly the lines of cleetrie-ficld intensity extending between edges of the 
iris and ean be represented by transverse-magnetic higher order waves. 
Thus the reactive element in the equivalent cireuit is a capacttance. An 
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Fic. 29. Symmetrical capacitive iris. 


important difference between this ins and the matching post is that no 
higher order transverse-clectric waves are generated by the iris. The net 
stored energy is always electric-field energy, and decreasing the window 
height (hk in Fig. 2941) causes a continual increase of capacitive suscept- 
ance, until for h = 0 the guide 1s short-circuited by being completely 
blocked by the ims. 

Calculation of the susceptance of the capacitor in the equivalent circuit 
of Fig. 29B is possible, but the procedure is somewhat lengthy.’ For an 
iris of negligible thickness having an opening of height A located sym- 
metrically between top and bottom of a euide of height b, the per-unit 


1 J. W. Mixes, ‘The Equivalent Circuit for a Plane Discontinuity in a Cylindrical 
Wave Guide,” Proc. /.R.E., 34 (October, 1946), 728-742, 
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capacitive susceptance be depends upon the ratio h/b and the ratio b/d in 
the following manner: 
b is es 
be — 4 Nieser (0) 
A 3 26 ( 
The product of be by \/b therefore depends only on h/b, and its value 
varies as indicated in Fig. 29C. If the iris is of appreciable thickness, the 
susceptance 1s somewhat increased. 
If apertures are cut in an iris in such a way that one or more conductors 
extend from top to bottom of the guide, magnetic fields similar to those 
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(6) EQUIVALENT GIRCUIT 
Fra. 30. Symmetrical inductive iris. 

associated with the post of Fig. 27B surround the conductors. Higher 
order waves of the transverse-clectric type are generated, and the iris is 
inductive. A particular form of inductive iris in which a single window is 
located symmetrically between the side walls is illustrated in Fig. 304, 
and an equivalent circuit for a reference plane at the center of the iris 
appears in Fig. 30B. The per-unit inductance susceptance b, of a very 
thin iris of this form depends upon the ratio of w (the width of the 
window) to the a dimension of the guide and upon the ratio \/a, in accord- 
ance with the relation 

b, = Meot? *¥ (71) 

ae Te2 a 

The product bz(a/d) depends only upon the ratio w /a, and the nature of 
the dependence is shown by Fig. 30C. The per-unit susceptance is 
slightly increased if the thickness of the iris is appreciable. 
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The inductive itis and the post of Fig. 27B have an advantage over the 
‘apacitive devices in high-power waveguide systems. The capacitive 
deviees produce a region of intensified cleetric field and thus reduce the 
power capacity of the system. In some waveguide devices, resonant 177ses 
combining the effeets of mductive and capacitive irises into one unit are 
employed. For example, for an iris containing a rectangular window of 
width less than the a dimension and height less than the b dimension, the 
equivalent circuit 1s a parallel combination of inductance and eapacitance 
having a resonant frequeney controllable by adjustment of the window * 
dimensions. 

The manner in which posts or irises may be used for impedance match- 
Ing ina waveguide may be iHustrated by an example. Consider again the 
waveguide system of Pig. 254, 
p. 596, operating under the con- 
ditions specified at the end of Art. 
13. An inductive iris is to be 
added to this system in order to 
provide unity standing-wave ratio 
over the major portion of the 
guide. 

At the minimum-clectric-feld 
position 40 cm from the load, the 
per-unit input susceptance of the 
portion of the guide leading to the 
load is a conductance numerically 
equal to the standing-wave ratio. Fic. 31. Construction on Smith chart for 
This conductance 1s represented example illustrating use of inductive iris for 

; ' ; elimination of standing waves. 

by point A at 3 + j0 on the Smith 

chart of Fig. 31. The input susceptance at points closer to the load 1s 
found by moving counterclockwise along a p = 3 circle, and at point B 
the conductance component is unity. ‘Thus a susceptance at a position 
corresponding to B can be used to cancel the imaginary portion of the 
admittance at B and yield unity standing-wave ratio between the source 
and this point. The admittance at B is 1 + j1.16; thus an inductive 
iris having a per-unit admittance —j1.16 is needed to make the total 
admittance 1 + 70. 

If a very thin symmetrical iris is employed, the aperture width w of 
Fig. 30 can be determined from Eq. 71. For the values of this example, 
this equation becomes 


sOWARO Loan 





aud thus the per-unit width is w/a = 0.58, and the actual width is 
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+18 cm. The proper location of the iris is determimed from the aneu- 
lar distance between points A and B in Ing. 31, which corresponds to 
0.333 — 0.25 = 0.083 wavelength or 1.15 cm. The iris may therefore be 
located 40 — 1.15 = 38.85 em from the load reference plane. Of course, 
other locations at half-wave intervals provide the same impedance rela- 
tions, and locations closer to the load restrict the standing waves to a 
shorter portion of the waveguide. For maximum length of flat wave- 
guide, therefore, the position 38.85 — 5 x 13.9/2 = 4.10 em from the 
load reference plane should be used. Observe, however, that, for a 
matching device so close to the load, the regions of higher order waves 
near the load and near the matching device may be expected to overlap. 
Under such circumstances, the higher order waves mteract, and the 
resulting coupling effect modifies the per-unit admittance of iris and load. 

15. Circular Waveguides. Although rectangular Waveguides are used 
almost exclusively in radar systems, guides of other cross-sectional shapes 
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Pies 2. “Tinea? Hy) wwanceton a circular waveguide. 


are equally capable of transmitting racio-frequency power. For each 
cross section there exists 4 variety of wave types that may be transmitted. 
Lhe wave of lowest cutoff frequency is called the dominant wave, and the 
others are the higher order waves. Guides of circular cross section are 
useful in special applications in radar r-f systems. 

The dominant wave of a circular guide is a transverse-electric wave 
designated TF, and having the pattern iNustrated in F ig. 32. Observe 
that this is the pattern obtained if the field configuration of the dominant 
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rectangular wave is distorted in such a way that the guide cross section 
heeomes circular. The eutoff wavelength of the round guide is 1.71 times 
the diameter of the guide. Thus the diameter must be 2/1.71 = 1.17 
{times the a dimension of 9 rectangular enide having the same cutolf fre- 
queney. The circular guide therefore has the disadvantage of somewhat 
greater bulk and weight, accompanied by advantages of greater power 
capacity and lower attenuation because of the greater size. -lPe@rliips the 
most important reason for the general preference for rectangular eldes Is 
that the reetangular cross scetion definitely fixes the polarization of the 
wave transmitted. In the cireular guide, minor irregularities of the wall 
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Fic. 33. The T7Mo.1 wave of a circular waveguide. 


surface might cause the field pattern to tur within the euide, thus dis- 
turbing the operation of the terminating devices. 

Certain higher order waves of circular guides have special properties of 
importance. Among these waves 1s the type TM, (Fie. 33), which has 
the longest cutoff wavelength—1.31 times the euide diameter—of any 
wave except the dominant wave. As shown by Ig. 33, the field pattern 
has circular symmetry. Thus, if a termmating device designed to radiate 
or receive this wave is rotated about the guide axis, no change in the elec- 
trical characteristics of the device occurs. <A short length of eireular 
cuide carrying this wave is therefore useful if one part of a waveguide 
system is required to rotate relative to another part—as is necessary, for 
example, if a radar antenna is to turn while transmitter and receiver 
remain stationary. Rotary joints of this and other forms are described 
in Art. 3, Chap. AIT. 

The To, wave is one of a group of circular waves. In the circular 
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transverse-magnetic (Tom) wave, the magnetic-field lines form circles 
in the transverse plane, as illustrated by Fig. 33. In circular transverse- 
electric (7’F om) waves, the electric-field lines form similar circles, as 
illustrated by the Ty, and TE,» patterns m Fig. 34. The TE), waves 
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(B) TEg> WAVE 


hie. 34. Cireular transverse-electric waves of a circular waveguide. 


are remarkable in that none of the electric-field lines terminate at the 
walls of the guide. A related condition is that the magnetic field at the 
wall surfaces is entirely longitudinal, hind therefore only transverse cur- 
rents flow in the guide walls. In Art. 9, the attenuation of the rectan- 
gular-guide TH, 5 wave was found to result from both transverse and 


longitudinal components of currents in the guide walls. It may be sur- 
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mised. therefore, that elimination of the longitudinal currents by use ola 
Teo m Wave should decrease the attenuation eaused by imperfectly con- 
dueting walls. 

The alvenuation of the Tan Waves is, in fact, extremely small and has 
the property of decreasing indefinitely as the frequency of the source is 
‘Ticpeasedl relative fo thé @nveti fryqicitey. (Conttastethe attenuation 
curve for the dominant rectangular-euide wave, plotted in Lit peal 007.) 
The reason for the decrease of attenuation with frequency (S Tide tT) Bay 
transverse-electric Wave the ratio of longitudinal to transverse magnetic 
Geld decreases with increase of frequency. (ee, for example, Mas. 4-4 and 
45, p. 575, which apply to the dominant reetangular wave.) Thus, for 
constant transmitted power, increasing the frequency decreases the mag- 
netie field at the side walls and causes a corresponding decrease 1 con- 
duction currents and attendant dissipation. 

These low-attenuation circular waves are of interest 1n commuincations 
heeause they provide a possibility of carrying signals great distances with 
sinall decrease in amplitude. In radar, short sections of guide terminated 
at both ends by conducting plates are useful as resonant elements (see 
Art. 5, Chap. JX), and extremely high values of Q are possible if low- 
attenuation waves are employed in the resonators. Although low-attenu- 
ation waves provide a pattern of circular symminetry, just as does the 
TM. Ware, they are never employed im rotary joints. In the short 
length of guide required by the joint, the low attenuation 1s unimportant, 
and the design of terminating devices is much more difficult for any 
TE om Wave than for the TM, wave. The To, wave has a relatively 
short cutoff length, 0.82 times the guide diameter, and four waves of equal 
or greater length may be propagated simultaneously unless the terminat- 
ing devices are carefully designed. When the 71/01 wave is employed, 
only the dominant wave can mtertere. 

The method of designating wave types in circular euides 1s, In a sense, 
similar to that used for waves in rectangular ouides. As explained in 
Art. 10, if neither m nor 7 is zero, the patterns of Tila, OY Late, Waves 
may be considered to be formed by stacking a number of identical small 
rectangular guides into a close rectangle m guides wide and 7 guides high. 
Each of the small guides carries a T2411 ov TM, wave. and removal of 
the interior walls of the array yields the desired pattern. 

In a corresponding manner, a circular waveguide may be split into sec- 
tions by planes through the axis of the guide and circular cylinders coaxial 
with the guide, as illustrated by the cross section of Fig. 385A. Field 
patterns that are a distortion of the T£1,; or 7'Af1,; wave of the rectangu- 
lar guide are then assigned to the small curved guides produced (except 
that for transverse-electric waves a distortion of the rectangular 7'/4,0 
pattern is used in the central sectors). The transverse-electric and 
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transverse-magnetic fields thus built up are represented in F igs. 85B and 
C. Observe that electric-field lines are perpendicular to all boundary 
planes and magnetic-field lines are parallel to the boundary planes. The 
resulting wave is designated TE, , or TM nm, Where n is the number of 
axial planes inserted to divide the guide and m the number of cylinders 
mserted, plus one for the guide itself, 





(A) DIVISION OF GUIDE (B) ELECTRIC-FIELD PATTERN (C) MAGNETIC-FIELD PATTERN 
OF TEs 5 WAVE OF TMo 9 WAVE 


lig. 35. Diagrams illustrating method of designating wave in circular waveguides. 


Of the waves in Figs. 32 to d4, only the #11 wave is included in the 
above classification. For this wave (Fig. 32), the number of cylinders is 
unity (the guide itself), and the number of planes that can be passed 
through the axis perpendicular to all the electric-field lines is also unity. 
Lhe waves in Figs. 33 and 34 are circular waves and may be considered the 
forms that result when no dividing planes are used. Thus these forms 
are desigonated Tom or TI 0m, Where m is, as before, the number of con- 
ducting cylinders (plus one for the guide) that can be inserted to divide 
the pattern. 


COADPELR IA 
RESONANT LINES AND CAVITIES 


Circuits composed of limped inductanee and capacitance elements ean 
be made to resonate at any frequency from less than one eyele per second 
to many hundreds of megacyeles per second. At extremely Ingh fre- 
quencies, however, the physieal size of the mductors and capacitors 
becomes so sinall and the losses in the cireuit, beeome so great Orta t 
resonant devices of different construction are preferred. In the ulf range, 
sections of parallel-wire or coaxial transmission line are commonly 
emploved in place of lumped-constant resonant circuits, and in the micro- 
wave region, cavity resonators are used. Cavity resonators are hollow 
metal-walled chambers fitted with devices for admitting and extracting 
electromagnetic energy. 

Although resonators built for different frequency ranges have a variety 
of physical forms, the basic principles of operation are essentially the same 
for all. Operating principles of resonators are explained in this chapter, 
and these principles are applied in subsequent chapters to the study of 
important radar-system components emploving resonators. ‘These com- 
ponents include transmitting oscillators, receiver local oscillators and 
input circuits, transmit-receive devices, and various auxiliary devices 
used in r-f transmission systems. 

1. Resonant Modes of Networks. All resonators, whether reactive 
networks, transmission lines, or cavities, have certain nadural frequencies 
of oscillation. A natural frequency 1s a frequency for which oscillations 
in a lossless resonator can be sustained, once started, even though the 
resonator is completely isolated from all sources of power. Some reso- 
nators have only a single natural frequency ; others may have several or 
even infinitely many. Each natural-Irequency oscillation is called a 
natural mode or resonant mode. The term mode si enifies a manner of oscil- 
lation. The various modes occur at different frequencies and in general 
cause different patterns of voltage and current or of electric and magnetic 
fields in theresonator. <A description of a natural-mode oscillation should 
therefore include a specification of (1) the frequency, (2) the voltage and 
current patterns, or the electric- and magnetic-field patterns, and (3) a 
measure of the amplitude of the oscillations. 

Although this chapter pertains primarily to high-frequency resonators, 
‘t is desirable to consider the high-frequency devices in relation to bumped- 
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constant L-C’ networks operating as resonators. Figure 1 shows the 
simplest network resonator—a tuned circuit consisting of a single inductor 
and capacitor. In this circuit, an oscillation once started (by charging 
the capacitor before connecting it to the inductor, for example) will per- 
sist indefinitely if the elements are lossless. The frequency must be such 
that £ and C carry equal currents and have equal terminal voltages; 
that 1s, the inductive and capacitive reactances must be equal. Thus 
woh = 1/aoC, where wo = 2rfo is the angular fre- 


° quency of the oscillation. he oscillation frequency 
| fo 1s therefore 





2 C G ] 


a = on LE (i) 


ee ; oa Because the reactances are equal at only a single 
ductor and one capa- frequency, the circuit of Fig. 1 has but one natural 
e1tor. frequency and hence one mode of oscillation. 

The oscillations in the network of Fig. 1 involve only a single voltage 
and a single current, denoted by eand?. Both voltage and current vary 
sinusoidally with time, and the mode pattern may therefore be described 
by specifying the phase and magnitude of e and 7 during the oscillation. 
For the reference directions shown, e leads 7 by 90 deg, and im, the peak 
value of the voltage, equals J m, the peak value of the current, multiplied 


by the reactance of either the capacitor or inductor; that is, 


| ZL 
Fo at ooh = aft (2) 


The energy stored in the network at any instant is the sum of the 
energy stored in the inductance and the energy stored in the capacitance. 
That is, the total stored energy JJ” is 


ee — Lb? Ge? = Vain eae wot + 1oCW,,” sin? wot 
Because H,,2 = / el, 
jo = L6LI,,? cos? wolf + LoLl,,? sin? wo = L6LI,,? (3) 
or, in terms of HZ, and C’ 
W = 13CE,,? (4) 


Thus the total energy stored in the circuit is constant and is equal to the 
peak energy in either L or C. 

That the energy in the system shduld not change during the cycle of 
oscillation is to be expected, becausé the system is assumed to be lossless 
and isolated from any power source or load. Energy is imparted to the 
svstem to start the oscillations, but thereafter energy neither enters nor 
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leaves the resouator. However, the energy does shift back and forth 
continuously between the inductor and capacitor, all of it being in L when 
eis zero and all in C when 7 is zero. The continuous oseillation of a con- 
stant amount of energy between electric-field energy (energy stored in a 
capacitor) and magnetie-ficld energy (energy stored in an inductor) 1s 
characteristic of all types of lossless resonators. The amount of energy 
involved depends upon the amplitude of the oscillations. ‘Thus stored 
energy is a useful measure of the amplitude. From the energy stored m 
an oscillation, the peak value of cach voltage and current in the oscillation 
may be found. 

A resonator having two natural modes is illustrated in Fig. 24. “The 
circuit is drawn so that it resembles a two-section artificial transmission 
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Fig. 2. Resonator having two natural frequencies. 


line short-circuited at one end (e3 = 0) and open-circuited at the other 
(i; = 0). Below fo, the frequency at which L and C and also L; and C; 
resonate, the reactance of the parallel combination of L, and C, 1s induc- 
tive. The Ly, C; combination in series with L may therefore be thought 
of as an inductance that resonates with C at some frequency less than fo. 
Similarly, at frequencies greater than fo, the 4, C, combination has a 
capacitive reactance, and the equivalent capacitance of the Ly, Cy, com- 
bination and C in series is less than C and resonates with L at a frequency 
greater than fo. 

Actual values of the two natural frequencies depend, of course, upon the 
value of k (see Fig. 2A). A convenient value for illustration is k = %4; 
the natural frequencies are then fi = }¢foand fz = 2fo. If the magnitude 
of the reactance of either L or C at fois denoted by X, then at fi = V4 fo the 
reactance of C is 2X and that of Lis 4X. The sum of the inductive 
reactances of L and of the parallel combination of L, and @zis 
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Thus at frequency /; the total inductive reactance of the circuit is equal to 
the capacitive reactance, and a natural mode occurs. similarly, at 
fo = 2fo the reactance of L is 2X, the reactance of C is L6N, and the 
capacitive reactance of L, and Cy in parallel is 3X. The total capacitive 
reactance is thus equal to the inductive reactance, and fois also a natural 
frequency. . 

In order to specify the mode patterns, it is necessary to determine the 
relative magnitudes and phases of voltages €1, C2, and e3 and of currents 
11, 22, and 723. For oscillation in the low-frequency mode, 7» flows through 
L and the equivalent inductance of the parallel combination of Ly and C4. 
Thus e; and es are in phase, and since the reactance of J is UN and the 
reactance of £; and C; in parallel is 34.V, at any instant e> and €, are in the 


ratio 
3X/2 _ 3 


C2 


Cy 2N 7 4 


Similarly, currents 72 and 73 result from the application of voltage e. 
across the parallel combination of L,; and C, and across Ly, respectively. 
Thus at any instant 72 and 73 are in phase and have magnitudes in the 
ratio of the inductive reactance 


iy _9N/8 3 


i) ok 

The relative magnitudes of voltages and currents at points ihe 2 conan 
of the network are plotted in ig. 2B. The plotted points are connected 
by dashed lines to suggest a resemblance between the network and a 
quarter-wave section of shorted-end transmission line. All the voltages 
are in phase, as are all the currents, but each current lags 90 deg behind 
the corresponding voltage. 

For the high-frequency mode, voltage es appears across a capacitive 
reactance of magnitude 34N, and e; is across an inductive reactance of 
2. — 36NX = X/2. Thuse, and é2 are In opposite phase, and their mag- 
nitudes are in the ratio of £g:39, or 1:3. The voltage pattern of the 
mode is shown in Fig. 2C, the out-of-phase relation of e; and eo being 
represented by plotting maenitudes on opposite sides of the zero-voltage 
axis. Lhe corresponding current pattern is obtained by noting that 
voltage é: across an inductive reactahee causes current 73 and the same 
voltage across the capacitive reactance of Ly, and C, in parallel causes 
current 22. Thus 72 and 73 have opposite phase, and their magnitudes are 
ai the ratio 3:1, which is tle jiverse ratio of the reactances. The currents 
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are 90 deg out of phase with the voltages. A plot of the current pattern 1s 
shown in Fig. 2C. The voltage and current patterns of the high-fre- 
queney mode again suggest a resemblanee of the network to a transmis- 
sion line—this time to a line in three-quarter-wave resonance. 

Knowledge of the voltage and current patterns of a mode and of the 
energy stored in an oscillation im that mode makes possible the calculation 
of the magnitude of any voltage or current produced by the oscillation. 
Suppose that the network of Ig. 24 is oseillating in the high-frequency 
mode and that the stored energy of the oscillation ts WW. = Trom the mode 
pattern it Is possible, for example, to ealeulate the relation of Jin, the 
peak value of current Zs, to i. Beeause of the 90-deg phase relation 
between voltages and currents, all the stored energy is in the inductances 
at the instant of peak currents. Thus, 1 fing is the peak value of 23, 


i aa Lb Lehi” “7 Vy hale” il M6 LT 2? a (15) (252) (h3 bime)? DBL m2" 


or Ima = aSIWWISL. If a peak voltage rather than a peak current 1s 
desired. the stored energy is expressed m terms of capacitances and 
voltages, and the desired peak voltage is obtaimed from the resultant 
relationship. 

Because every resonant mode has definite voltage and current pat- 
terns, any voltage or current magnitude or the total stored energy may 
he used as a Measure of the amplitude of oscillation in the mode. ‘Lhe 
stored energy does not refer to any special point in the network and 1s 
thus an especially useful measure of the oscillation amplitude. 

A convenient wav of specifying the resonant frequencies of a network 
‘sin terms of its mode spectrum, which is a plot of the natural frequencies 
of the network on a seale of frequency. ‘The tuned circuit of Fig. 1 has 
the mode spectrum drawn In Fig. 34, and the two-section artificial line, 
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Fig. 3. Mode spectra of reactive networks. 


the spectrum of Fig. 38. More complicated networks in general have 
many natural frequencies, a possible spectrum being that Oo hie. 3c: 

92. The Quality Factor Q. Because networks always have some losses, 
the stored energy in anv mode does not remain constant but gradually 
decreases as it is consumed by the dissipative elements. In practical 
resonators, the amount of energy dissipated per cvele of oscillation 1s 
extremely small compared with the energy stored in the system. The 
power loss and the resultant rate of enerey decay may therefore be deter- 
mined by assuming that the voltage and current patterns of the lossless 
resonator remain undisturbed in the presence of losses and by calculating 
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the losses produced by these voltages and currents in the dissipative ele- 
ments. ‘This method of accounting for small losses in a network js 
similar to the perturbation method used in the preceding chapters to 
determine the attenuation constants of transmission lines and wave- 
guides (Art. 13, Chap. VII, and Art. Seay. aay, 

A useful figure of merit of a network as a resonator is the ratio of the 
energy stored in the network to the energy dissipated in a specified time 
interval. If the time interval is 1/2 times the period of oscillation, this 
ratio is the guality factor Q of the resonator defined in Art. 18 of Chap. IL as 


stored energy 


= 24 ——___ a : 
‘ = energy lost per cycle of oscillation (5) 
A relation equivalent to Eq. 5 is 
W 
Q = woz (6) 


Where wo is the angular frequency of the oscillation, IV is the stored 
energy, and P is the power loss. 
As an example of the calculation of (J, consider the resonator of Fig. | 
i and assume that both L and C have small losses 
which are accounted for by Ryeand Re im 
Pig. 4. In absence of losses Em = VSL/C lm, 
wo = 1/+/LC, and the stored energy is 





by — LECCE ne? a L6L In? 
ic. 4. The resonator of 


Hig. L with losses included. 9, the assumption that FB, and i piare qaieaf- 


fected by the presence of losses, the power loss P in the network is 


Lee Lae 
P= 9 ie am 2 Rk, 


and 





I ra Je = ona ata 19 (Ein?/ Re) = Ry ais V ae 
Qo wolW (A/V LC) X BLT, ~~ /EJC Re 


(7) 


It is significant to note from the definition of Q that, because the stored 
energy 1s independent of the number of dissipative elements, the recip- 
rocal of Q with several sources of loss present may be obtained by adding 
the reciprocals of the (’s which result when the sources of loss are inserted 
mto the network one at 2 time. Thus #,/+/L/C in Eq. 7 represents the 
reciprocal of the Q of Wig. + with only RB, present, and «/L/C/Re is the 
reciprocal of the Q with only Re present. | 

From Iq. 6 the power dissipated in a low-loss resonant network, which 
is the rate of decrease of stored energy, is 
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_ dW _ wy 
p= —— +57 


Thus, because wo and Q are constants, a curve of stored energy as a func- 
tion of time has its slope proportional to its ordinate. The stored energy 
therefore decays exponentially (see Art. 4 of Chap. HH) im aecordance with 
the relation 

ie = Ie Oro (S) 


where IV, is the amount. of energy stored at ¢ = 0 and wo/Q is the time 
constant of the exponential decay. 

Because the peak value /,, of any voltage in the network (or the peak 
value J, of any current) is proportional to the square root of the stored 
energy, the amplitudes of the voltage and current osedlations decrease 
exponentially. For a voltage, 


Li — [noe °° soe 
where Hmois the value of /,, at 6 = QO. In terms of instantaneous values, 
¢ = Bye? 2! Cos wol (9) 


3 Transmission-line Resonators. Sections of open- and shorted-end 
transmission lines useful as resonators are shown in Fig. 54. The sec- 
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NATURAL FREQUENCIES WITH ONE END OPEN 
OTHER ENO SHORT-CIRCUITED 





(8) MODE SPECTRA 
Fic. 5. Resonant line sections and their mode spectra. 


tions are resonant at frequencies for which traveling waves of voltage and 
current, after making one round trip on the line and being reflected from 
the starting end, are exactly like the original waves delayed an integral 
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number of cycles. A source is necessary only during the first round trip 
of the waves, wave motion thereafter bemg sustained by successive reflec- 
lions from opposite ends of the line. 

On a line shorted at one end and open at the other, the total phase 
change ina single round trip of a wave is 360 deg (or a multiple thereof) at 
frequencies for which the line length is 2 quarter wavelengths, n beg an 
odd mteger. Thus ifn = 1, the phase of a voltage wave changes 90 deg 
in traveling from the open to the shorted end, 180 deg at the short circult, 
and another 90 deg in returning to the open end. Since reflection at the 
open end is without phase reversal, the total phase change is 360 dee. 
Similarly, the accompanying current wave is delayed 90 deg in traveling 
to the shorted end, another 90 deg in returnmyg to the open end, and 180 deg 
as the result of reflection at the open end—again a total of 360 deg. If f, 
Ils the lowest natural frequency, corresponding to the quarter-wave mode, 
resonances occur at fi, 3fi, 5f1, and so on, as indicated by the cross marks 
in the mode spectrum of big. 5B. In terms of 7’, the one-way delay time 
of the lime f; = 1/47. Til and carethe inductance and capacitance per 
unit length of line and dis the line length, 7 = dV/leandf, = l/4dd ~/lc. 

When both ends of a line section are either open or shorted, resonances 
occur at frequencies for which the line length is n quarter wavelengths, 
where n is an even integer. The natural frequencies are thus Zhi, thi, fi, 
and so on, as marked by circles in Ine. 5B. 

Frequently a tuning capacitor is connected at the open end of a 
resonant-line section, as in Fie. OA, so that the natural frequencies may 
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NATURAL FREQUENCIES 
WITH C 


(B) MODE SPECTRUM 
Pic. 6. “Slioreedcendh ime tuned to resonance by means of a cupacitor. 


be changed without changing the physical length of the line. Resonances 
then occur at frequencies for Which the line has an inductive reactance 
It. tan Bd equal to the capacitor reactance L/w. Thus at resonance, 
tan Bd = 1/oh.C. If Cis zero, tan Bd = ~&, and the natural frequencies 
occur for Bd equal to an odd multiple ot r/2, or d an odd multiple of 
Veta isnt |. 3/1, 5/1, and so on as in lig. 5A. In the presence of C. 
however, resonances occur for smaller values of Bd, and the mode spec- 
trum is shifted in the manner shown In Fig.6B. The shift in natural fre- 
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quencies is more pronounced at the high-order modes than at the low- 
order modes because 1/wR.C is inversely proportion to frequency. At 
frequencies far above fi, C is nearly a short crreuit, and the line resonates 
tlmost as though both ends were shorted. 

An alternate method of adjusting the natural frequencies of a paraltel- 
wire line makes use of a movable shorting bar asin Fie. 7A. Te the bar is 
truly a short circuit, adjustments merely control the length of a fine open 
at one end and shorted at the other, and the natural frequencies are 
inversely proportional to the length d. Because shorting bars always 
have some induetive reaetance (particularly if Cher length is appreciable), 
the resonant device is actually composed of two resonators Coupled by an 
iInductanee L, as shown in Fie. 7B. The resultant mode speetrum is 


Hy pa 
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Fic. 7. Shorted-end line tuned to resonance by means of a shorting bar. 


rather complicated, being dependent upon L and the relative lengths d 
and ds. Usually, however, only the lowest natural frequency of the por- 
tion of line between shorting bar and open end is of interest. ‘This section 
can be made to resonate in the desired manner by making distance d, 
approximately \/4 or less, so that the remaining line 1s terminated by an 
inductance only slightly different from L. Because the section of interest 
is terminated by an inductance. the lowest natural frequency occurs for a 
value of d slightly Jess than \/4+. 

Observe that a short circuit, rather than an open circuit, is desirable at 
point 4A. Length d, can then have any value less than about 36. Tian 
open cireuit is emploved at 1, d, must be much less than A/4 in order to 
avoid placing sufficient capacitance in parallel with L to cause parallel 
resonance. 

The mode pattern for a line in quarter-wave resonance 1s shown 1n 
Fig. 84. The derivation of this pattern is given in the chapter on trans- 
mission lines (see Art. 3 of Chap. VII). As indicated in Fig. 8A, Ly, the 
peak value of the voltage along the Ine, varies in the manner of a sine 
wave, being zero at the shorted end and a maximum Ayn jax Ot the open end. 
The peak value /,, of the current decreases as a cosine wave from Jinja. at 
the short circuit to zero at the openend. Thus By, = Ena, Sin ws/2d and 
Im = In... cos ws/2d specify the peak value of the voltage and current 
along the line. (Compare these two relations with Eqs. 21 and 22 in 


Pd 
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Chap. VII. Note that 6 = 2/2d for the quarter-wave resonance.) All 
the voltages are in phase, all the currents are in phase, and at each point of 
the line the phase angle between voltage and current is 90 deg. In 
accordance with Eqs. 21 and 22, pp. 483 and 485, the ratio ioe _/ las 
equal to &,, the characteristic resistance of the line. 

The patterns of higher order modes of the line of F ig. 8 may be obtained 
by cascading quarter-wave resonance patterns. Thus the mode pattern 
of a line resonating so that its electrical length is 34 is the pattern drawn 






(A) QUARTER-WAVE R ESONANCE 


(B) THREE - QUARTER-WAVE .RESONANCE 
Fig. 8. Mode pattern of a line section short-circuited at one end and open at the other end. 
in Fig. 8B and consists of three quarter-wave patterns joined to form con- 
tinuous sine and cosine variations. Voltages and currents below the 
horizontal axes are 180 deg out of phase with the corresponding quantities 
plotted above the axes. 

If a line short-circuited at one end is only a fraction of a quarter wave 
long and is resonating with a capacitor connected to the other end, the 
mode patterns are similar to those of a quarter-wave line except that they 
terminate before the full quarter-wave patterns are completed (see Fig. 
9). Thus, if the electrical length of the line is Bd, the maximum observ- 
able peak voltage is nny. SiN Bd, but the maximum value of peak current 
IS Lmmacy &S ON the quarter-wave line’: 

The calculation of stored energy in a resonant line is similar to that for 
a lumped-constant resonator, except that the sine-wave variations in 
peak current and peak voltage must be taken into account. Because of 
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we 


the 90-deg phase relation between £,, and J,,, all the energy 1s in the mag- 
netie field associated with the line induetanee at instants of peak current 
and in the cleetric field associated with the line capacitance at mstants of 
peak voltage. Thus stored energy may therefore be expressed either im 
terms of the peak voltage or peak current on the line. As an example of 
the caleulation, consider the line of Fig. 9 to be resonating with Co in the 
lowest frequeney mode. At an instant of peak current, the energy stored 
ina small line seetion of length As ts 


Al 5 (AS) Fannas & oasgse — sgl [7 cos® Bs A(Bs) 
where Lis the inductance per unit length of line and A(Bs) 1s the increment 
of Bs corresponding to As. Since the 
energy in Cots zero when the line current 
is Maximum, the total stored energy JV 1s 
the sum of the energies in all the A(ss) 
sections comprising the line. “Thus 
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Integration of this expression and substi- 
tution of hmits vields 
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10 accounts for the difference between the 4:,, 9. Mode pattern of a line 
energy stored in a lumped-constant tuned — section with a short circuit at one 
circuit having an inductance L = ldanda se ct 
peak current Jm,,.. and the energy stored in 

a shorted-end line of inductance ld and peak current Jn,,,, 1 the short- 
ing bar. If the oscillation frequency is low so that fd 1s very small, 
14(1 + (sin 26d) /28d) is very nearly unity, and the stored energy is essen- 
tially 14(Id)/>,._, which is the energy stored in the equivalent tuned cu- 
cuit. If the oscillation frequency is such as to permit quarter-wave 
resonance (8d = 7/2), the stored energy becomes \y4(Id)I%,,... Thus, 
because of the sine distribution of peak current on the line, the stored 
energy is reduced by a factor of 14 from the value it would have were the 
distribution uniform. 
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It is of interest to observe that a line of length d resonating alone 
(Co = 0) stores 14(/d)T;,,,,. units of energy in all modes of oscillation, pro- 
vided the peak current /,,.. 1s the ame for all modes. For example, if 
the oscillation frequency makes Bd = *y7, the mode patterns are those of 
Fig. 8B and each third of the hne stores }4(/d/3)l%, units of enerey. 
The total energy stored is therefore '4(ld)/‘,.., which is the same as for 
quarter-wave resonance. Similarly, if both ends of the Hne are short- 
circuited and the mode of oscillation corresponds to two quarter-wave 
_ ol voltage and current (8d = 7), each half of the line stores 

14 (ld/2)T%,,,,, units of energy and the total energy is again the same as for 
the quarter-wave hne. 

Ihe quahty factor Q of a resonant line may be determined from the 
ratio of the energy stored in the line to the power dissipated. In a small 
section As for which the peak current J, may be considered constant, the 
stored energy is AIV = }9(lAs)J,,°, and the power loss, if caused solely by 
the resistance of the lne conductors, is AP = 15(rAs)/,,2, where r is the 
resistance per unit length of lme. Thus the ratio of stored energy to 
power dissipated for the As section is 


(IAs)In? I 
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This ratio applies for each small section of the line. Therefore, the ratio 
of total stored energy to total power dissipation in the line is also l/r, and 
by Eq. 6, p. 618, 

yo wal wo, 

BS a a (11) 
where L = ld and R = rd are the total inductance and resistance of the 
line. This equation apphes to a resonant line comprising any integral 
number of quarter-wave sections. For lines terminated in inductors or 
capacitors, the Q is influenced by the dissipation in the terminating 
elements. 

The Q can also be related to a, the attenuation constant of the hne. 
Since wo = 2rfo = 2av/d, and v, the speed of propagation of waves on the 


line, equals 1/+/le, 


g = 2"@_! _2evil/c _ 2nR. 
\ /le? r , 


where \/l/c = R,, the characteristic resistance of the line. According to 
eq. 60 of Chap. VII, p. 517, fora line having negligible dielectric loss 
a=r/2h.. Hence, 








T 


—— (112) 
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or Q is equal to m divided by the attenuation in nepers of a one-wave 
length of line. 

In the above relations for Q, losses in the dielectric of the line, losses in 
short-cireuiting bars, and radiation losses are ignored. Because of these 
losses. the actual Q is always lower than the vahie calculated from Iq. 11. 
The relative importance of losses at the line terminations may be reduced 
and Q inereased by an inerease of the physical length of the lne so as to 
‘nerease the stored energy. This result is one example of a general 
principle discussed in Art. -: “The Q of a resonant device improves with 
‘ycrease in size of the deviee. This principle may be illustrated in another 
way. If the cross-sectional dimensions of the line are increased in a 
manner that maintains 2, constant but increases the conductor size, the 
attenuation a = 7/2R, is decreased because of the decrease of r and the 
Q is inereased. 

As an example of the order of magnitude of Q to be expected for a 
resonant line, consider the @ of the 
line in Fig. 10. If the effect of the 
shorting bar is ignored, the quarter- 
wave resonance of the 5.9-in. line 1s 
found to occur at 500 Meps. Accord- 
ing to Eq. 88 of Chap. VI, p. 539, OUTER RADIUS OF 
the inductance per unit length of line a 
is 1 = 0.922 wh per m. for copper 
conductors of resistivity equal to 
1.72 & 10-8 ohm-meter. the resistance 
per unit length, obtained from Eq. 91, p. 541, is r = 0.292 ohm per m. 
The Q of the line by Eq. 11 is therefore 9,920. Because of radiation from 
the ends of the line and losses in the short circuit, the actual Q 1s less 
than the calculated value, but it is nevertheless very high in comparison 
with the Q of a lumped-parameter circuit of equal resonant frequency. 

Although the properties of resonant transmission lines have been dis- 
cussed in this article with special reference to parallel-wire lines, the same 
principles apply also to coaxial lines. Various forms of coanxial-hne 
resonators are described in Art. o. 

4. Rectangular-waveguide Resonators. [Resonators for use in the 
microwave range of frequencies take the form of totally enclosed metallic 
chambers, or cavities. ‘The cavity walls are made of a highly conducting 
material and enclose a good dielectric, usually ar. One example of a 
cavity resonator is the rectangular box of Fig. 114, which may be thought 
of as a section of rectangular waveguide closed at both ends by conducting 
plates. Because the end plates are short circuits for waves traveling in 
the z direction, the cavity is analogous to a transmission-line section with 
short circuits at both ends, and resonant: modes oceur at frequencies for 
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Kig. 10. Parallel-wire line used as 
example for calculation of Q. 
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which the distance between end plates is a multiple of half the guide 
wavelength. Higher order waves, as well as the dominant Wave, may 
give rise to resonant frequencies, and thus a great variety of resonant 
modes is possible. The mode spectrum is more complhcated than that 
discussed for the shorted-end transmission line in Art. 3. 

The characteristics of interest for each mode of a cavity resonator are 
the mode pattern, natural frequency, stored energy, and quality factor Q 
—the same characteristics considered in connection with network and 
transmission-line resonators. In the discussion of these characteristics 
for the modes of the resonator of Fig. 11A of dimensions a, b, and d as 





{A} RESONATOR SHAPE 





ELECTRIC-FIELO PATTERN 


(8) FIELD PATTERNS OFA SIMPLE MODE 


HrGe lu Rectangular-waveguide resonator. 


indicated, special reference is made to a particularly simple mode—the 
mode obtained when L'lt,,9 Waves travel in the z direction and have a half 
wavelength equal to d. 

The pattern of this mode js described by the field configurations of 
Fig. 11B. This figure is obtained by addition of the fields of the com- 
ponent traveling waves. Observe that the pattern 1s ike one segment of 
the pattern of the 7B, 5 wave Cateaals or Cham VIII, p. 573), except that 
the loops formed by the Magnetic-field lines are shifted one-quarter wave- 
length with respect to the eleetric-field lines. This shift is the result of 
adding the two oppositely directed traveling waves. The electric-field 
intensities add to zero at the enc Rlates and to a maximum of twice the 
held intensity of the component. wave at the center, whereas the trans- 
verse-magnetic-field intensity doubles at the end plates and becomes zero 
at the center. Observe also that throughout the cavity the electric 
field has the same phase. Similarly the magnetic field increases and 
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decreases as a unit, but the variations of the magnetic field are 90 deg 
out of phase with those of the electric field. Asim other resonant systems, 
the energy of the oscillations remains constant in total value as 1t shifts 
back and forth between eleetric- and magnetie-field forms. 

Let Sing. De the maximum value (attained in the center of the cavity) of 
the peak eleetric-field intensity, and let Wenray AN ICemnax DE the maximum 
values (attained near the vertical walls) of the x-directed and z-directed 
components of the peak magnetie-field intensity. Beeause these maxt- 
mum quantities are each twice the corresponding quantities of the com- 
ponent traveling waves, the ratio of eleetric-field intensity to magnetic- 
field intensity is the same as in the traveling waves, and from Toqs. 44 and 
45 of Ghap. WLI, p. 6/5, 

. a Gmmax Ao ‘ 
Hammx = 5h (13) 
and 


ee Ag 
— max 

JCemmas Oe Np (14) 

These equations together with Fig. 112 and the simusoidal character of 

the field-intensity variations specify the mode pattern. They may be 

put ina more convenient form by use of the relations A = 2d and Ayo = 2a. 
Dividing Iq. 13 by Eq. 14 vields the ratio 

JC 


Liimar 


a 


7 (15) 


Squaring Eqs. 13 and 14, adding, and then applying liq. 42 of Chapa EE 
»p. 575, wields 
Ge = Z(H + 5¢2, ) (16) 


Manax Tmax crrimax 


Modes in the rectangular eavity are designated in terms of the traveling 
waves that give rise to the modes. ‘lo the symbol for the traveling wave 
is added a subseript p to denote the number of half-cycle variations in 
the standing-wave pattern along the direction of wave travel in the guide. 
Thus the mode of Fig. 118, considered to be formed by 7/1, waves 
traveling in the z direction with d equal to a half wavelength, 1s designated 
TEy0,. Other TEy,0,. modes may be visualized in terms of Pie. LLB it 
the cavity is divided into rectangular cells, dimension @ being spht into m 
parts and d into p parts. ach cell contains a miniature reproduction of 
the pattern of Fig. 118. For the more general TLnn,p modes, 7 half- 
cycle variations along the ) dimension must also be considered; for the 
T Moin.n.p Modes similav patterns apply, but the magnetic field forms closed 
loops iu planes perpendicular to the z axis. 

Complete specification of a mode requires that tue assumed direction of 
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wave travel as well as the designation symbol be stated. For example, 
the TF 1,o,. mode has the configuration of Fig. 11B if waves traveling m 
the z direction of Fig. 11A are considered. If, however, waves traveling 
parallel to the y axis are assumed, the 7'Fy,0,1 symbol designates a different 
mode having fields perpendicular to those of Fig. 11B and having a 
different natural frequency. 

The natural frequency of any TE n.n,p Or TM m.n,p rode may be obtained 
from the wavelength relations of Eq. 42, p. 575, and Eq. 62 of Chap. VIII, 
p. 990, 
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and the relation d = p\/2. From these relations 
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where fis the natural frequency of the mude and @ is the speed of the 
traveling waves and equals the speed of light in space if the diclectrie is 
air. For the 7/1, mode of Fig. Il, the frequeney is 


T\e . Ne . Sa? 
f= (sz) a5 (a) > sami ae (;) 


where f.. is the cutoff frequency for TE.) waves traveling parallel to the 
Z axis. 

Lhe method of designating modes and a portion of the mode spectrum 
of a rectangular-waveguide resonator are Wlustrated in Fig. 12, which 
apphes to a resonator for which b = 1/./5, a = 1/-/4, and d = 1/+/3. 
The mode designations in Fig. 12B refer to waves propagating parallel to 
the z axis in Fig. 12-4, and the natural frequencies indicated are computed 
from Eq. 17, which for the dimensions of Ing. 124 may be written as 


bo 


~~ 





and 


J = dofeo » Am? + 5n? + 3p? 


where fro is the eutolt frequency for TE,» waves traveling in the z 
direction. ed 

Among the modes of Fie. 122 ate two (7.Mij10 and TAo10) that arise 
from transverse-magnetic waves and for which the fields are independent 
of the z coordinate. These modes occur at the cutoff frequencies of the 
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associated transverse-magnetic waves and may be looked upon as the 
resultant of transverse-electromagnetic waves traveling m directions per- 
pendicular to the z axis. (See the diseusston in Arts. 7 and 12 of Chap. 
VIII of waveguide operation at the cutoff frequeney.) Sinular resonances 
at the cutoff frequencies of transverse-electrie waves cannot occur 
beeause components of clectric-field intensity along the eondueting end 
plates would be required. 

Also included in Fig. 12B are examples of degenerate modes, that. "iS 
modes made up of two or more field patterns having the same natural fre- 
queney. For the This and PAP... resopancesan Jig. 12/3, the natural 
frequeney is 1.73fco. and (6rthea TH, we. TM... eid THM, 1,0 modes, the 
natural frequency is 2.29f.. The field pattern of a degenerate mode 1s 
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COORDINATE AXES (8B) MODE SPECTRUM 


fig. 12. Portion of mode spectrum for a rectangular-waveguide resonator. 


not definite, but it may take any of a variety of forms obtained by adding 
the fields of the component patterns in various amplitude and phase rela- 
tionships. If the mode spectrum is determined with reference to waves 
traveling in the a or y direction in Fig. 12.1, not only are the designation 
symbols for the modes changed, but also the component patterns 10 
terms of which the degenerate modes are represented are altered. 

The stored energy of network and transmission-line resonators has been 
calculated in Arts. 1 and 3 from the relations }3Ce? and }4L2?, which 
express the energy in the field of a capacitor or an inductor. Ifor use 
with cavity resonators, the analogous field-quantity relations 44e8? and 
Ljy5C? are required. These express the energy per unit rolume of an elec- 
tric field of intensity & and a magnetic field of intensity JC, respectively. 
The field-quantity relations yield the same results as the relations 44Ce? 
and 14L72 when applied to compute capacitor or inductor energy. ‘They 
have the advantage of being useful in other circumstances (for example, 
in waveguide and cavity-resonator calculations) where lumped inductance 
and capacitance elements associated with separate regions of space cannot 
be specified. 

As an example of the equivalence of the circuit and field relations for 
energy, consider a capacitor formed of two parallel metal plates, each of 
area A separated by a dielectric of thickness d and permittivity ¢, the 


630 RESONANT LINES AND CAVITIES [(CHap. IX 


capacitance C' being eA/d. If the capacitor is charged, an electric field of 
mtensity & is present in the dielectric and a voltage &d appears across the 
capacitor. ‘The energy in the electric field, by the circuit relation, is 


I 0 | in apes 
5 Ue ae 3(: ) (ed na 


This result ts in agreement with the held-quantity relation because 4282 
Is the energy per unit volume and Ad is the volume occupied by the field. 

Por any cavity resonator, the stored energy of an oscillation shifts back 
and forth between electric- and magnetic-field forms and is equal to the 
peak energy in cither the electric or the magnetic field. Consider hrst 
the electric-field energy which has its peak value at an instant when the 
clectric-field intensity at each point of the eavity thas its peak value &,,. 
The energy ATV stored in a small volume Ap throughout which the field 
intensity 1s essentially uniform is 1 938,"Ar, and the total energy W is the 
sum of the components AIV taken over all the small volumes Av in the 
CAvily OF 
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We = Lec I, © 2dy (18) 


where the letter V indicates that the integration is to be performed over 
the entire volume of the cavity. In asimilar way, if 3C,, is the peak mag- 
netic-held intensity at each point of the cavity, the stored energy of the 
oscillation is 


Wo = ly |, 5C,,,2dlv (19) 


Iquations 18 and 19 must necessarily vield the same result for any cavity. 
The meaning of these energy relations may be illustrated by applying 
them to the rectangular-cavity mode of Fie. 11LB. The electric-field 
intensity has a peak value Gmmax At the center of the resonator and varies 
smusoidally in the xz and z directions; that is, 
Wz 
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and by Eq. 18 the stored energy 1s 
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where dv can be taken as the volume of a vertical column in the resonator 
of height b and cross-sectional dimensions dx and dz. The integration 
introduces a factor of !y for each of thesine-squared factors (see Art. 9 of 
Chap. VIII), and thus the stored energy is 


WV = 


bo] 


We= Kes: 


mmax 


V (20) 
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If Eq. 19 rather than Iq. 18 is used to evaluate the stored energy, 3C,.° 
may be replaced by JCrn? + Fz? Beeause each of these terms has a sine- 
a variation in two direetions, the result) of the imtegration 1s 

LE (GC omas + ICommadY: Equation 16 may be used to show that this 
value of stored energy ts equal to the value given by luq. 20. 

The power loss in a cavity resonator may be ealeulated by a perturba- 
tion method very similar to the method of ealeulation of attenuation of a 
{transmission line or waveguide (see Art. 13 of Chap. VIE and Art. 9 of 
Chap. VIIT). The power loss may ordinarily be considered to be entirely 
the result of currents in the resonator walls, and the average-power dis- 
sipation per unit area of wall surface is, by Eq. 55 of Chap. VIET, p. 534, 
l p 
35 
wall surface. The total power loss in the entire wall enclosing the 
resonator volume is the sum of the losses in many small areas comprising 
the wall surface and 1s given by the integral 


aC ,2, where Cm is the peak value of the magnetie-field mtensity at the 


I p » 
P= a 5nd (21) 


where da is an element of area and A signifies the entire wall-surface are: 
over which the integration is to be performed. 

By Eq. 6, p. 618, the quality factor Q is equal to wolV/P, and thus Isqs. 
19 and 21 may be combined to yield 


Q _ wolV wolSp wohin J, Wnt hoe "dv = “tis 5 Vv fs Ge "dv 
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By Eq. 89 of Chap. VII, p. 540, mfou-/p = 1/6’; and therefore if vw and p., 
the permeabilities of the dielectric and conductor materials, are equal, as 
they ordinarily are, 





2 J, Hm2dv 
0 | Trad 
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The integrals in Eq. 22 may be evaluated easily if the equation Is 
applied to a resonant mode of a rectangular-wé aveeuide resonator. Con- 
sider, for example, the mode of Tig. 118, and assume the resonator to be 
antes! the length of each side being d. The surface integral in the 
denominator may be expressed as the sum of six integrals, one for each 
side of the resonator. For the sides perpendicular to the v axis 


Q = (22) 
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and thus (because the average value of the sine squared factor is 14) the 
integral over each side is }33C?,,,,,.d°. Similarly the integral over the sides 
perpendicular to the z axis is }45C,,,,d°. For the sides perpendicular to 
the y axis, both components of the magnetic field are present, and each 
varies smusoidally in two directions. Thus the integral over the top or 


the bottom surface is 14 (5c? + 5¢2, _)d?_ and the total surface integral 
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The volume mntegral of Eq. 22 was evaluated on p. 630 in the calculation 
of stored energy and is 


2 
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Therefore Q has the value 


0 = 2 74 (Honnax b lmm Je? (23) 
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The order of magnitude of Q to be expected from cavity resonators may 
be obtained by applying Eq. 23 to a cubical resonator adjusted to 
resonate in the 7#1,o,, mode at 3,000 Meps. From Hq. 17, p. 628, dis 
equalto 10/4/72 — 707 em or 2 asin ledlheuekana tan: walls are copper, 
the skin depth is 1.21 K 10-§ m at 3,000 \Icps (see p. 540 of Chap. VII). 
The value of Q is therefore 7.07 Ome 3 ele x 10. or to00. 
This value of Q is much higher than could be obtained with a transmission- 
line resonator at the same frequency, but even higher Q values can be 
attained, for example, by silver-plating the resonator walls to reduce p or, 
as discussed in the next article, by employing the low-loss mode of a 
cylindrical resonator. 

Iquation 22 can be employed in the calculation of ( for cavity reso- 
nators of any shape, but its usefulness is limited because of the difficulty 
of evaluating the volume and surface integrals when the cavity shape or 
the field configuration is complicated. Several important general conelu- 
sions about the quality factor can be reached, however, without actually 
performing the integrations. 

The right-hand member of Eq. 22 is the product of two factors. The 
first of these (2/8) indicates the effect of wall material and resonant 
frequency upon Q, and the second (the ratio of the integrals) shows 
the influence of the mode pattern, cavity size, and shape. Because 
1/5 = ~/xfu./p, the first factor indicates that Q varies as the square root 
of the conductivity of the wall material and as the square root of fre- 
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queney. (Frequency changes require corresponding changes of the 
cavity size or shape, or of the mode pattern, and may thus have an addi- 
tional effect on Q through changes in the second factor.) The second 
factor indicates a general tendency for Q to imerease In proportion to the 
linear dimensions of the eavity-—if the cavity shape and the mode pattern 
are fixed, the volume integral is proportional to the cube of the linear 
dimensions and the surface integral to the square of the same dimenstons. 
The seeond factor shows also that for high Q a mode pattern is desirable mn 
whieh the magnetie field in the interior of the Cavity is.as large as possible 
relative to that at the wall surfaces the field in the intertor of the avity 
contributes to the volume integral, but not to the surface integral, 

5. Cavity Resonators. ‘The cavity formed by closing the ends of a 
rectangular waveguide is only one of many eavity devices useful as high- 
frequeney resonators. — By appropriate choice of cavity shape, advantages 
such as compactness, case of tumng, simple mode spectrum, and high @ 
may be secured as required for special appheations. 

4 section of coaxial line with a short-circuiting disk at each end, as m 
Fig. 13. may be considered a form of resonant eavity. The coaxial 
cavity has a convenient size when designed for frequencies in the upper 
ahf and lower microwave ranges. Resonance occurs when the distance 
between short cireuits isa multiple of a half wavelength for any wave type 
that may traverse the line. The field pattern for the lowest frequency 
mode—corresponding to half-wave resonance of the principal (transverse- 
electromagnetic) wave—is shown in Fig. 138. Note that the directions 
of the electric-field lines have no significance relative to the directions of 
the magnetic-field lines: the two fields are 90 deg apart in phase. 

The spectrum of the resonant modes produced by the principal wave 
in the coaxial cavity is the same as that described for parallel-wire lines in 
Art. 3 and comprises natural frequencies at integral multiples of the 
lowest natural frequency. Higher order trausverse-electric and trans- 
verse-magnetic waves can propagate in coaxial lines and may produce 
additional modes of resonance at high frequencies. Often such modes are 
avoided by designing the line so that the cutoff frequency for all higher 
order waves is above the range of operating frequencies. This condition 
is obtained if the average circumference of the conductors is less than the 
shortest wavelength in the operating range. 

As a means of tuning, a movable short-circuiting plunger is provided 
for the cavity as shown in Fig. 134. The shaft that controls the plunger 
position may be threaded to permit fine control. A disadvantage of this 
tuning method is that the sliding contacts between the plinger and the 
‘ner and outer conductors may cause erratic operation and high losses, 
especially after the contact surfaces have suffered considerable wear 
through use. 
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In Fig. 13C is shown a noncontacting form of movable plunger designed 
to avoid the wear and losses associated with the contacting type. The 
plunger is a quarter-wave thick and forms the inner conductor of a very 
low-impedance coaxial line for which the resonator wall is the outer con- 
ductor. This line is terminated at A in an impedance much higher than 
its characteristic impedance and therefore has a very low input impedance 
at 6. ‘Thus, for high-frequency currents, the equivalent of a connection 
between plunger and outer wall is provided at B. Similarly, the low- 
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Fic. 13. Half-wave or multiple half-wave coaxial-line resonators shown In sectional view 


impedance coaxial line between plunger and center rod provides an 
effective connection at point C. 

Two difficulties arise in the use of the plunger of Fig. 13C. One is that 
the tuning range is limited because the plunger thickness can approximate 
& quarter wave over only a relatively narrow frequency band. The other 
is that for certain critical plunger positions the cavity to the right of the 
plunger may be in multiple-half-wave resonance, thus presenting a low 
Impedance at points A and D and interfering with the desired operation of 
the plunger. 

An improved noncontacting plunger is illustrated in Fig. 13D. The 
low-characteristic-resistance line formed by the outer surface of the line 
and the inner surface of the cavity wall is terminated at C by the imped- 
ances at A and B in series. The impedance at B is the input impedance 
of a low-loss, high-R,, quarter-wave, shorted-end line and is extremely 
high. The variable impedance of the right-hand cavity reflected through 
a quarter-wave lime to point A is of little importance relative to this high 
impedance. Consequently, the impedance at C approximates that of an 
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open circuit, and a very low impedance is produced at D. A low imped- 
ance is provided at # in a similar fashion. Plungers of this type can be 
made to operate satisfactorily over a frequency range of at least 2:1." 

A second useful form of coaxial-line cavity employs a lne section short- 
cireuited at one end and open at the other end. As indicated m Tig. 144, 
the outer conductor is closed around the open end of the center conductor 
so as to form a completely enclosed cavity. Beeause of capacitance 
etfect. of the fringing electric field at the end of the center conductor, 
resonanee occurs at frequencies for which the center conductor 1s some- 
what less than an odd multiple of a quarter wave. The electric-field pat- 
tern for the three-quarter-wave mode is ilustrated in the figure. 

The cavity of Fig. 1-44 ean be adjusted by changing the penetration of 
the center conductor into the eavity. Only one sliding contact 1s required 
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KG. 14. Sectional views of coaxial resonators operated in odd-multiple quarter-wave 
modes. 


for this adjustment, rather than the two contacts required by the cavity 
of Fig. 134. If the spacing between the open end of the center conductor 
and the enclosing wall is sufficient, the fringing capacitance at the end of 
the line is very nearly independent of the tuning adjustment, and at con- 
stant frequency successive resonances occur at half-wave intervals of 
center-conductor position. 

A coaxial resonator sometimes employed in uhf transmit-receive devices 
is illustrated in Fig. 14B. This resonator may be thought of as being 
formed by placing the open ends of two of the resonators of Fig. 144 
together. The electric field in Fig. 145 crosses each point of the center 
line at right angles. Therefore a thin conducting plane could be inserted 
at the position of this line without changing the field pattern. tach 
half of the resonator may then be considered as a coaxial hne less than a 
quarter-wave long tuned to resonance by tivice the capacitance between 
the ends of the center conductors. A second resonant mode occurs at a 
slightly higher frequency. Tor the second mode, the voltages of the two 


1 W. H. Hicains, “Broad-band Noncontacting Short Circuits for Coaxial Lines,”’ 
Proc. I1.R.E., 36 (September, 1947), 906-915. 
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center conductors are in phase, the conductor lengths are very little less 
than a quarter wave, and the field pattern is similar to that of the half- 
wave resonator shown in Ifie. 13B. The first mode is used in transmit- 
receive devices (Art. 12, Chap. XII) because of the strong electric field 
provided at the gap between conductor ends. 

Cavity resonators bearing considerable resemblance to quarter-wave 
coaxial resonators are the re-entrant cavities of Fig. 15. Cavities of this 
type are widely used in transmit-receive devices (see Art. 13, Chap. XII) 
and as the resonant element of klystron oscillators (see Art. 1, Chap. XJ). 
Re-entrant cavities, especially those of the forms in Figs. 15A and B, may 
be thought of in one way as the result of employing the quarter-wave 
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ric. 15. Re-entrant cavities. 


resonators of Fig. 14 at such high frequencies and with such narrow spac- 
ings between the center conductor and end wall that the line length 
becomes comparable to or less than the transverse dimensions. Alterna- 
tively, because the electric and magnetic fields for the most part occupy 
different regions in the cavity, the resonator may be thought of in terms 
of lumped elements. The gap occupied by the electric field may be con- 
sidered a parallel-plate capacitor, and the annular magnetic field may be 
considered to give rise to the inductance of the conductors Joining the gap 
electrodes. 

The relation of the electric and magnetic fields to the capacitance and 
inductance of the cavity may be illustrated by a very approximate caleu- 
lution of the resonant frequency for the cavity of Fig. 15C. The electric 
field is assumed to be uniform and wholly within the gap between center 
plates. Thus the capacitance C between the plates is ea/d, where ¢ is 
the permittivity of the dielectric, a is the area of the plates, and d the 
spacing between plates. The maenvtig field is assumed to be uniformly 
distributed in the toroidal region surrounding the plates. The magnetic- 
flux density set up by a current 7 encircled by the flux is therefore yi/D, 
where w is the permeability of the dielectric and D is the path length for 
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the flux. assumed to be the same for all flux lines. [Hf Al is the cross- 
sectional area of the region oecupied by the magnetic flux, the total flux 1s 
Api/D, and the inductance that joins the capacitor plates ispnA/D. The 
resonant frequency of the cavity is therefore 
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Equation 2-4 suggests methods of tuning the re-entrant ‘avity. If the 


separation distance d between center plates is inereased, the natural fre- 
quency of the cavity is increased because of the decrease of the capaci- 
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Fig. 16. Tuning serews and paddles for re-entrant cavities. 


tance. Another method of increasing the frequency is to reduce the 
inductance by confining the magnetic field to a smaller space. Figure 
16.4 shows the forms of tuning screws or plugs and tuning paddles used for 
this purpose, and Fig. 16B shows the effect of a screw or paddle on the 
magnetic field. Turning the screw so that it penetrates farther into the 
cavity decreases the inductance and increases the resonant frequency, 
and turning the paddle to a position more nearly perpendicular to the 
magnetic field has the same effect. ‘These devices may be considered 
analogous to the brass or copper cores used to adjust the inductance of 1-f 
coils (see Art. 21 of Chap. VI). 

A third cavity type of importance is the circular-eylinder resonator 
formed by closing the ends of a section of circular waveguide with con- 
ducting disks. For a resonator of this form, lustrated in Fig. 174, 
resonance occurs at frequencies for which the cavity length dis a multiple 
of half the guide wavelength. As with the rectangular-waveguide of 
Art. 4, a great varicty of resonances are possible because each of the 
transverse-clectric and transverse-magnetic waves of the circular guide 
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gives rise to a set of modes of oscillation. Modes are designated, as for 
the rectangular cavity, by adding the subscript » to the designation of 
the guide wave that causes the mode. The added subscript indicates the 
number of half guide wavelengths contained in the axial length of the 
cylinder. ‘Tuning is ordinarily accomplished, as suggested in Fig. 174, 
by moving one of the end plates. 

Of particular importance are the low-loss modes designated 7’Fo.m.» 
arising from the circular transverse-electric waves (See Art, 15, Chimp. 
VITT). With these waves the longitudinal current components in the 
guide walls are eliminated, and the magnetic field intensity in the central 
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Fig. 17. Circular-cylinder resonator. 


parts of the cylinder away from the conducting walls is relatively large. 
As a result, cavities of extremely high Q as well as guides of low attenua- 
tion are obtained. At frequencies of 10,000 Meps, for example, values of 
@ at least as high as 100,000 are possible. The field configuration for the 
lowest frequency circular-electric mode is sketched in Fig. 17B. Note 
that the guide-wall currents, which flow along paths perpendicular to the 
magnetic-field lines, do not cross the junction between the cylinder wall 
and the movable plunger. Thus the design of a noncontacting type of 
plunger is simplified. 

The frequencies of the circular-cylinder modes may be calculated in 
terms of the cutoff wavelength of circular-guide waves by means of Iq. 42 
of Chap. VIII, p. 575, 
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Because 4/2 must equal d/p, this relatfon takes the form 
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where v is the speed of wave propagation in the cavity dieleetric. In 
order for Eq. 25 to be useful, the relation of A. to the radius r of the 
eylinder must be known. In Table 1 values of awe Mitel ome WAVES Bre 


or 


listed for values of m from 1 through 4, and an approximation formula 
that vields \../r for higher values of m is given. 
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6. Impedance of One-entry Resonators. In the preceding articles 
resonant circuits, lines, and cavities have been considered as isolated 
oscillating systems. To be useful, these resonators must be connected to 
other apparatus. The remainder of this chapter 1s therefore devoted to a 
discussion of the effect of resonators upon associated circuit components. 
This article considers resonant systems operating at a frequency sufh- 
ciently low so that a definite pair of input terminals can be established. 
It is assumed that the only connection between the resonator and the rest 
of the circuit is at these terminals. Such systems may be classified as 
one-entry resonators. 

An important property of a one-entry resonator is its input impedance 
at the point of entry. It may be shown that the input impedance of any 
lossless resonator is a pure reactance which varies with frequency in the 
general manner shown in Fig. 18. At certain critical frequencies, such as 
fi, fo, and fs, the input reactance becomes infinite, and at other frequencies, 
such as fa, fo, and f., the reactance is zero. Frequencies corresponding to 
infinite reactance are referred to as poles, and frequencies corresponding to 
zero reactance are called zeros. A network composed entirely of lumped- 
constant reactive elements always has a finite number of poles and zeros, 
but if lossless transmission lines are included, the number of poles and 
zeros becomes infinite. 

The input-reactance curves of one-entry resonators have several 1mpor- 
tant properties which may be summarized as follows: (1) The zeros and 
poles alternate along the frequency axis, (2) the slope of the curve is 


1 See, for example, E. A. GuILLEMIN, Communication Networks, Vol. II, 184-187 
(John Wiley & Sons, Inc., New York, 1935). 
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always positive, and (3) any two reactance curves having the same poles 
and zeros (including those at zero and infinity) are identical at all fre- 
quencies except for a scale factor of reactance. Because of these proper- 
ties, the pattern of poles and zeros is nearly a complete description of the 
reactance curve of a lossless resonator. 

The poles and zeros of the input-reactance curve of a one-entry lossless 
network are closely related to the natural frequencies of the network. 
Poles correspond to modes of oscillation for which an input voltage but 
no input current is present and thus represent natural frequencies deter- 
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Fic. 19. Number of open-circuit modes and poles for several networks. 


mined with the input terminals open-circuited. Similarly, at zeros, an 
oscillating input current is obtained with zero voltage. Zeros therefore 
represent natural frequencies determined with the input terminals short- 
circuited. 

Although each pole corresponds to a natural frequency with input 
terminals open-circuited, every natural frequency of a network does not 
necessarily produce a pole in the reactance curve. A pole occurs only if 
oscillations in the mode actually cause a voltage across the input termi- 
nals. ‘The simple L-C resonant ciretit in Fig. 19, for example, has one 
natural mode with the input terminals open. Because oscillations in the 
mode cause a voltage between input terminals, the input-reactance curve 
has a pole corresponding to the natural frequency. In contrast, the 
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middle network has two open-circuit natural modes but only one pole, 
because oscillations in the Le, C2 branch are not coupled to the input 
terminals. The reactance curve of the network at the right has no poles 
because, at resonance, no voltage appears at the input terminals. Ina 
similar way, natural modes with the input terminals short-circuited yield 
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Fic. 20. Reactance curves of one-entry networks. 


zeros in the reactance curve only if the oscillations cause current flow at 
the input terminals. 

Several one-entry resonators and their reactance curves are drawn in 
Fig. 20. The two resonators at the left are simple L-C resonant circuits 
and have the familiar curves shown. The four-element network is the 
network of Fig. 2 with a pair of input terminals added. The two poles in 
the reactance curve correspond to natural frequencies determined with the 
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input terminals open (see Art. 1). The zero between the poles, deter- 
mined with the input terminals short-circuited, represents the natural 
frequency of the parallel combination of L, L1, and Cy. Zeros also occur 
at zero frequency (where J and J; are short circuits) and at infinite fre- 
quency (where C and C, are short circuits). The input-reactance curve 
of the shorted-end line 1s discussed in Art. 3 of Chap. VII. The curve has 
poles and zeros equally spaced along the entire frequency axis. 

When losses 1n a network are taken into account, the input impedance 
is no longer a pure reactance. However, small losses have negligible 
effect upon input impedance except near poles and zeros. In the region 
of a pole, the reactive component of current becomes very smal! and the 
small in-phase current required to supply losses becomes important. 
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Fig. 21. Impedance curve and equivalent circuits for a one-entry resonator. 


similarly, near each zero the reactive component of voltage becomes 
small and the m-phase voltage needed to supply losses becomes important. 
Thus the input impedance at a pole, instead of being infinite, is a large 
resistance, and at a zero the impedance becomes a small resistance rather 
than zero. At all other frequencies the quadrature component of current 
or voltage is large compared with the corresponding in-phase component 
and the input impedance is very nearly a pure reactance. 

For a one-entry resonator with small losses the magnitude of the input 
impedance varies with frequency in the general way ilustrated by the 
curve of {Z| in Fig. 214. As indicated in the figure, the |Z| curve may be 
derived from the reactance curve that applies to the resonator if losses are 
ignored. Isxcept in small frequency bands surroundmg peaks and dips, 
the impedance of the actual resonator is essentially equal to the reactance 
of the lossless resonator and is indyctive at frequencies above a dip and 
below a peak and capacitive at frequeneies above a peak and below a dip. 
Near peaks and dips the impedance passes through complex values and 
becomes a resistance at almost exactly the frequencies of maximum or 
minimum |Z]. The smaller the loss (or the higher the Q) of each natural 
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mode, the greater is the resistance at the peak or the more nearly zero Is 
the resistanee at the dip. 

Often only a small frequency band near one of the peaks or dips of an 
impedance curve is of interest. The impedance curve of Fig. 214 sug- 
vests a parallel R-L-C circuit (Nig. 218) as an equivalent circuit for the 
resonator in the region near a peak and a serves R-L-C c7reurt (Fig. 21C) as 
an equivalent circuit near a d7p. It may in fact be demonstrated that 
these equivalent circuits are always valid for a one-entry resonator, pro- 
vided the eritieal frequency of interest is well separated from adjacent 
critical frequencies. The values of ?, L, and C must, of course, be chosen 
so that the impedance curve of the equivalent circuit is a duplicate of the 
impedance curve of the resonator in the frequeney band of interest. The 
properties of the |Z| curve needed to make the calculation are the height, 
sharpness, and frequency of the peak or dip being represented. 

Suppose that a peak of height |Z)aa. 1s located at an angular frequency 
wo = 2afo and that the bandwidth between the frequencies for which |Z | 
7 an! 2 is Af. The equivalent ciraut valid near the peak takes the 
form of Fig. 21B. The values of the elements may be determined from 
the relations developed in Art. 6 of Chap. VI for parallel R-L-C’ circuits; 
that is, 


~y 
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where 1/Q = Af/fo is the per-unit bandwidth of the peak being repre- 
sented. The parameter ./L/C = wol) = 1/woC is the reactance of L or 
C at resonance and is therefore a convenient measure of the impedance 
level at resonance. Observe that, for a fixed value of Q, the impedance 
R at resonance is directly proportional to w/e. 

The values of R, L, and C in the equivalent parallel circuit may also be 
calculated from the parameters of the natural mode of resonance that 
causes the peak of impedance. These parametcrs are the natural fre- 
quency of the mode fo. the quality factor Q, and the stored energy IV fora 
specified peak voltage E,, at the open-circuited input terminals. ‘These 
parameters are determined from the physical form of the resonant system 
by the methods given in Arts. 1 through 5. 

For the equivalent circuit to have the same input impedance as the 
actual resonator in a frequency band near an open-circuit resonance, not 
only must the equivalent circuit have a natural frequency equal to that 
of the resonator but also at resonance it must store the same amount of 
energy and dissipate the same amount of power for a specified terminal 
voltage. That the power losses must be equal is evident in order that the 
resonator and its equivalent may have the same resistance at resonance. 
That the stored energies must also be equal is not so apparent but may 
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be proved.’ The equal-energy condition is necessary in order for the 
equivalent circuit to duplicate the sharpness of the |Z{ curve of the 
resonator. 

The need for equal stored energies may be explained qualitatively in the 
following manner: When a resonator is driven at one of its natural fre- 
quencies, a constant amount of energy oscillates between the electric and 
magnetic fields. The source supplies only the power consumed by losses. 
At other frequencies the peak energies in the electric and magnetic fields 
are unequal, and some energy from the source is stored during one part of 
the cycle and returned to the source during another part of the evcle. 
The storing and returning of energy require a reactive component of 
current from the source and account for the decrease in impedance at oft- 
resonance frequencies. The more energy stored in the oscillation, the 
greater 1s the unbalance of peak energies in the electric and magnetic 
helds for a given frequency change from fp and the sharper is the decrease 
in input impedance. A large stored energy corresponds to a low im ped- 
ance level for the reactive part of the equivalent circuit. The low value 
of +/L/C, together with a high shunt resistance R, provides a high Q and 
hence a very sharp resonant peak in the {Z| curve of the equivalent circuit. 

The values of R, L, and C in the equivalent circuit of a natural mode are 
related to the mode parameters wo, Q, and W (for specified 7. ane 
following manner: The energy stored in the equivalent CMe oOCh.= 
must equal HV", the energy stored in the actual circuit for the same voltage. 
Thus WV = 16CE,,”, and the capacitance of the equivalent circuit has the 
value 
_ 2W 


C= Fa 


(27) 
In order for the equivalent circuit to resonate at an angular frequency 
wo, LC must equal 1/wo?. Hence 


| 


wo°C 


a (28) 
Since both the equivalent circuit and actual resonator must have the 
same Q, the shunt resistance 2 of the equivalent circuit is 


o 
where Q is the quality factor of the natural mode being represented. 
If the frequency band near a dip‘in the |Z| curve is of interest, the 
resonator may be represented by a’ series resonant circuit Pre eigltCo: 


‘Is, A. Guittemin, Communication Networks, Vol. 11, 226-229 (John Wiley & 
sons, Inc., New York, 1935) 
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The values of Ry, £1. and C, are determined from the relations 








Clim, «Oe (30) 
Cr () \ Gos 

where wo = 2afo is the angular frequeney at the dip, 1/Q = Af/fo is the 

per-unit bandwidth, and Af is the frequeney band between points where 

Z\is equi Alo Alternatively, /?,, £,, and C, may be calculated 

from mode parameters obtained with the mput terminals short-circuited. 
















(i-k2)L, nad (1-k2) Ly 
INPUT 
rERMINALS 4 : o—— ie ic 
IDEAL 
(A) CIRCUIT DIAGRAM (B) EQUIVALENT CIRCUIT EMPHASIZING POLE 
x 
(*) “( 
po 
. 
4 SO omek Ik 
: /\[ RESONANCE oF (I- k*)L, \ Le 
RESONANCE |/ wiTH CAPACITIVE 
OF L2 |} REACTANCE OF 
AND C | M \2 Lo \2 
(T,) be ano (=F) ¢ 
IN| PARALLEL 
(C) REACTANCE CURVE (D0) EQUIVALENT CIRCUIT EMPHASIZING ZERO 


Fic. 22. Lossless resonator with transformer coupling. 
Thus, if J» is the peak current at the input terminals and JV is the energy 
stored for the mode of interest, 
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a wal 

7. Coupling to One-entry Resonant Networks. Although one-entry 
resonant networks may be connected directly to other apparatus, direct 
connection is often undesirable because of the extremely high impedance 
of the resonator near its poles. A suitable coupling device, in theory, 1s 
an ideal transformer having a turns ratio chosen to make the impedance 
at its input terminals a moderately high resistance at resonance and 
almost zero at slightly different frequencies. Ideal transformers do not 
exist, of course, but several practical coupling devices are available to 
reduce the impedance level of the resonator in very nearly the same way 
as would an ideal transformer. 

One useful device is an actual transformer having a large turns ratio. 
As indicated in Fig. 22.4, the secondary winding has the larger number ot 


ie = 





(31) 
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turns and may serve as the inductance element of the resonator. An 
equivalent circuit of the resonator is drawn in Fig. 22B in terms of an 
ideal transformer (see Art. 20, Chap. II). The turns ratio Mf/L,:1 of 
the ideal transformer is much less than unity, and the desired reduction in 
resonator impedance is achieved. 

Observe in Fig. 22B that, if the coefficient of coupling / is unity, induct- 
ance (1 — k*)L, becomes zero, and the actual transformer has only the 
impedance-changing effect of the ideal transformer. If k is less than 
unity, however, (1 — k*)Ly, 1s effectively in series with the parallel com- 
bination of Lz and C referred to the primary of the ideal transformer. 
The reactance curve of the resonator (Fig. 22C) then contains a pole at 
the frequency for which ZL, and C are in parallel resonance and a zero at a 
higher frequency for which (1 — k?)Z; is in series resonance with the 
equivalent capacitance of the parallel combination of (Af /Lo)*Le and 
(L2/M)*C. If the reactance of (1 — k*)L, is large relative to the resonant 
impedance of the tuned circuit, the zero lies close to the pole on the fre- 
quency axis. Thus two closely spaced critical frequencies are obtained 
if the coupling coefficient & is small or if a small ratio AMI /L» 1s employed 
to obtain a large ratio of transformation. 

Lhe series reactive element (1 — h?)L, is called the coupling reactance 
of the network. Coupling reactance occurs not only in transformer 
coupling but also in many other coupling devices to be considered. A 
coupling device that provides a large reduction of impedance level of a 
parallel-resonant system almost always introduces an important coupling 
reactance. Because of the coupling reactance, a short-circuit natural 
mode ts obtained at a frequency close to that of the open-circult mode, and 
therefore a closely spaced pole-zero pair appears in the reactance curve. 

The equivalent circuit of Fig. 22B emphasizes the pole of the pole-zero 
pair inasmuch as the parallel circuit producing the pole appears directly. 
Equivalent circuits of the form of Fig. 22B are especially desirable when 
frequencies in the region of the pole are of interest. Ifthe frequency band 
near the zero is more important, the alternative circuit shown in Fig. 22D 
becomes useful. This circuit, which is obtained by using a different 
equivalent circuit (see Art. 20, Chap. IT) for the transformer of Fig. 224, 
emphasizes the zero or frequency at which (1 — k*)L2 and C are in series 
resonance. ‘The pole in the reactance curve is still accounted for because 
at a frequency below the zero the series circuit referred to the transformer 
primary is effectively a capacitance that resonates in parallel with Ly. 
Inductance L, may therefore be regarded as a coupling susceptance. It 
may be concluded that a resonator may be represented in the region of a 
pole-zero pair in its reactance Curve either as a parallel resonant circuit in 
series with a coupling reactance or as a series resonant circuit shunted by a 
coupling susceptance. 
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If only a very narrow band of frequencies is of interest near a pole of a 
lossless resonator, coupling reactance may be ignored because the react- 
anee of the tuned circuit increases without limit as the resonant frequency 
is approached. Similarly, coupling susceptance may be disregarded im a 
series-circuit representation of a short-circuit’ mode if the system 1s loss- 
less and if only a small frequeney band near the zero is important. Ina 
system with losses, however, the impedance (or admittance) at a pole (or 
zero) is limited by the loss, and the coupling reactance (or suseceptance) 
may be important even at resonance. Therefore, a coupling reactance 
may be needed in an equivalent cireuit im order completely to represent 





IOE AL 


CIRCUIT EMPHASIZING PEAK 


= 
no 





(B) IMPEDANCE CURVE 


IOEAL 


CIRCUIT EMPHASIZING OIP 


(A) EQUIVALENT CIRCUITS 


Fic. 23. Equivalent circuits and impedance curve for resonator of Fig. 224 with losses 
included. 


a practical resonator, regardless of the smallness of the frequency band 
being considered. 

When losses are included in the resonator of Fig. 22A, the equivalent 
circuits take the forms shown in Fig. 23A and the magnitude of the input 
impedance varies with frequency as indicated in Fig. 23B. Resistance 
R.» in the circuit emphasizing the peak is determined from the Q of the 
open-circuit mode by the methods described in Art. 6, and resistance [t2’ 
in the second circuit is similarly determined from the Q of the short-circuit 
mode. Resistor R, is chosen to make the first circuit specify the correct 
resistance at the dip of the |Z| curve, and resistor Ry’ adjusts the resistance 
at the peak specified by the second circuit. 

Connecting a resonator to a circuit through a transformer introduces 
an inductive coupling reactance or susceptance and causes the dip in the 
|Z| curve to occur at a higher frequency than the peak. Other coupling 
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methods may introduce a capacitive coupling reactance or susceptance 
and place the dip below the peak in the [Z| curve. For example, the 
capacitive branch of a parallel £-C current may be split into two capaci- 
tors 1n series, as 1n Fig. 244, and the resulting capacitive voltage provides 
a means of reducing the impedance level of the resonant circuit. To 
obtain the required reduction in impedance, Coin the figure must be made 
much greater than C. 

The circuit of Fig. 244 emphasizes the dip in the |Z] curve of Fig. 24B, 
the dip being caused by series resonance of L and C. Because of the 
coupling susceptance of Co, a peak in the {Z| curve oecurs at a higher fre- 
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ire, 24. Resonator with capacitive coupling. 


quency. ‘lhe peak is made evident by the equivalent circuit of Pig. 24, 
obtained trom Fig. 24+A by replacing the capacitance voltage divider by 
an ideal transformer with shunt and series capacitors (see Art. 20, Chap. 
II). If Cois made large so that reduction of impedance level provided by 
the transformer of Fig. 24C is great, the two critical frequencies are very 
close together and the coupling reactance or susceptance is Important. 

The above examples of coupling devices illustrate two Ways in which 
coupling reactance or susceptance may be introduced into the equivalent 
circuit of a resonator. In general, whenever the natural frequeney of a 
short-circuit resonant mode lies close to the frequency of an open-circuit 
mode of interest, coupling reactance in series with a parallel R-L-C circuit 
is required for accurate representation of the resonator in a range near 
the open-circuit natural frequency. 

The value of the coupling reactance can be calculated, but an exact 
determination is rather lengthy. It is necessary first to obtain an equiv- 
alent circuit that, ignoring losses, actounts for all poles and zeros of the 
reactance curve. One such cireuit,! consisting of a series chain of parallel 


1 ye. A. GUILLEMIN, Communication Networks, Vol. II, 184-194 (John Wiley & Sons, 
Inc., New York, 1935). 
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L-C circuits, is represented in Fig. 25. A series capacitance is added to 
this circuit if the reactance curve has a pole at zero frequency, and a series 
induetor is added if the curve has a pole at infinite frequency.  Iach 
parallel cireuit represents an open-circuit: mode of oscillation and gives 
rise to a pole in the reactance curve. In the frequeney range of interest, 
all but one of the parallel circuits is a reactance of essentially constant 
value, and the algebraic sum of the essentially constant reactances is the 
coupling reactance. 

Ordinarily the eoupling reactance is only a small part of the total 
impedance of a resonator. Therefore, calculation of its exact value by a 
lengthy procedure requiring determination of the entire cireut of Pig. 25 
is unnecessary; a simpler caleulation yielding an approximate value for 
the coupling reactance may be used instead. If the resonator has a d-c 
path between its input terminals, the coupling reactance for low-frequency 
modes is usually of the same order of magnitude as the reactance of the 
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Hie. 25. Complete equivalent cireuit of a lossless one-entry resonator. 


inductanee measured at very low frequencies between the resonator 
terminals. In Fig. 25, for example, if frequencies near f, (the resonant 
frequency of L2 and C2) are of interest, and if fi is less than fe, fo is less than 
fz, and so on, then the coupling reactance Is the series combination of the 
capacitive reactance of the Ly. Cy circuit (at frequency fz) and the induc- 
tive reactance of the circuits resonant at frequencies above fe. This 
coupling reactance is not greatly different from the reactance olf the low- 
frequency inductance of the resonator L; + Lz + +> > + Ln, provided 
L, and Le form only a small part of the total low-frequency inductance. 
If the lowest frequency mode is of interest, the value of L; is known, and 
it is often worth while to subtract L; from the low-frequency inductance 
in order to obtain a more accurate value of coupling inductance. 

If a d-c path does not exist between resonator terminals, a capacitor 
Cy appears in series with the tuned circuits of Hig. 25, and Co 1s the 
capacitance measured between resonator terminals at very low fre- 
quencies. Often the reactance of Co at the resonant frequency may be 
used as an approximate value for coupling reactance, although the actual 
value of the coupling reactance includes the reactances of the L-C circults 
other than the one resonating in the frequency range of interest. 

8. Equivalent Circuits for Transmission-line Resonators. ‘Ihe prince! 
ples developed in Arts. 6 and 7 may be applied to transmission-line 
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resonators in order to obtain equivalent circuits valid near poles or zeros 
of the input-reactance curves. Although low-loss parallel-wire lines are 
assumed in the figures of this article, the equivalent circuits to be dis- 
cussed apply equally well to coaxial lines. 

Figure 26A represents a portion of transmission hne of length d, either 
open-circuited or short-circuited at the far end. In absence of losses, the 
input reactance varies with frequency in the manner shown in Fig. 26B if 
the far end is open or as indicated in Fig. 26C if the far end is short- 
circuited. The lowest frequency pole of the shorted-end line and the 
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Fic. 26. Reactance curves and equivalent circuits for a transmission-line resonator. 


lowest frequency zero of the open-end line occur at a frequency f, for 
which the line length d is a quarter wave. As explained m Art. 3, 


i 


= ss 5 
fi ld Jie (32) 


where / and c denote the inductance and capacitance per-unit length of 
the line. 

Iirst consider the equivalent parallel circuit of Fig. 26D, which repre- 
sents the line near a pole of its reactance curve. Let the frequency of the 
pole be fo = nfi, where n, the number of quarter waves on the line at fo, is 
an odd integer for a shorted-end line and an even integer for an open-end 
line. If the peak voltage at the pole is L,,,., the energy stored on the 
line is 


W = \YcdkE; 


Mmax 
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and since the capacitance C in the equivalent parallel cireuit must store 
the same amount of energy at the same voltage, C must equal 21V/Ein,..., 


or 
l Ve 

=» Mas \ 

“|p ” 


Moinax 


cd (33) 
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Thus the equivalent-cireuit ‘capacitance Is equal to one-half the total 
capacitance of the line. 

The inductanee 1 in the equivalent ecrreurt must be chosen to provide 
the correct resonant frequency. Thus 4 ts equal to [/wo?C, or by Mqs. 31 


and 32 
__ — fdd Vic)’ f2\ — 8 
a war — (2arnf;)?C ( ye) (2) na? i (34) 


To represent the effect of small line losses, the equivalent shunt restst- 
ance 2 must have the value Q ./L/C, where (by Iq. 12, p. 624) Q equals 
t/da, the quality factor of the tne. Thus 
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The factor ./l’c may be replaced by F., the characteristic resistance of 
the line, and nA/+ may be replaced by d, with the followimg result: 


Ke 


ad 


R (35) 
Thus the shunt resistance 1n the equivalent circuit 1s equal to the charac- 
teristic resistance of the hne divided by the total attenuation of the line. 

Observe that C in Fig. 26D is independent of n and therefore has the 
same value at all poles. In contrast, L is inversely proportional to n° 
and hence decreases as the order of the pole increases. The impedance- 
level parameter ./L/C therefore varies in inverse proportion to fre- 
quency, whereas F is inversely proportional to »/f (because a is propor- 
tional to »/f). The quality factor Q is therefore proportional to +/f. 

Coupling reactance is omitted in Fig. 26D because the rather wide 
separation of poles and zeros suggests that coupling reactance should be 
negligible. By means of a rather lengthy calculation 1t may be shown 
that for either open-end or shorted-end hnes the couphng reactance at 
each pole is inductive and equal to 4 \/L,C. For all reasonable values 
of Q, therefore, the equivalent circuit has an impedance at frequencies 
near resonance which is at least several hundred times the coupling 
reacpanice. 

That 14./L/C represents the coupling reactance may be verified 
approximately for a quarter-wave shorted-end Ine in the following man- 
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ner: The low-frequency inductance of the line 1s dd, and from Eq. 34 the 
inductance of the equivalent circuit for n = 11s 8ld/mr*. As explained mn 
Art. 7, an approximate value for the coupling inductance is therefore 
ld — 8ld/r? or 0.19ld. At quarter-wave resonance the ratio of the 
coupling reactance to the equivalent-circuit inductive reactance 1s there- 
fore 0.19ld/(8ld/m?), which is equal to 0.234 or approximately 0.25 

A series R-L-C equivalent circuit valid near a zero of the transmission- 
lme reactanee curve may be constructed from parameters of the short- 
circuit modes. In terms of /,,,,,., the peak value of the maximum current 
along the line, the stored energy W is l4ldZ>,... An inductance L that 


mmax°* 


stores the same amount of energy for the same peak current has the value 
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or one-half the total inductance of the line. The semes capacitance ( 
required to resonate with L at the frequency of the zero (fo = 7/f;) 1s 
Ce an Fane oy eo 2: 


ae ee dele Wee aes fe 
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The series resistance Rk that produces a Q for the equivalent circuit equal 
to that of the line has the value 


aa ae ld\ (War\ ma fl. 


That is, R is equal to the characteristic resistance of the line times the 
attenuation of the line. 

The series equivalent circuit is drawn in Fig. 26/. In this circuit LZ has 
the same value at all zeros, whereas C becomes smaller as the frequency 
of the zero increases. ‘The quality factor at resonance also increases with 
the frequency of the zero because FR, being directly proportional to a, 
varies as 1/f whereas 1/L/C is directly proportional to f. 

Another transmission-line resonator of interest is the shorted-end line 
tuned by a capacitor connected across the input terminals. <A circuit 
diagram and an equivalent circuit applicable to the lowest frequency 
open-circuit mode are drawn in Fig. 27. The value for C indicated in 
lig. 27B may be determined from the stored energy of the natural-mode 
oscillation. By Eq. 10, p. 623, this energy is 
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where /,,,,,. is the peak value of the current at the short-circuited end of 
the hne and gd is the electrical length of the hne at the frequency of oscil- 
lation. According to kas. 21 and 22 of Chap. VU, / has the value 
Lona. / We, Where /,,.,. Is the peak value of the voltage required at the open 
end ot a quarter-wave line to produce the current /,,,,,. na short circuit at 
the other end of the line. In terms of /,,, the peak voltage at the input 
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(A) CIRCUIT DIAGRAM (8) EQUIVALENT CIRCUIT VALID NEAR 
LOWEST FREQUENCY PEAK OF 
IZ] CURVE 
hie. 27. Resonator formed by a shorted-end line and a shunt capacitor. 
fermivals of the hie of Fie. 27.1. 4%... = Ba/sin Bd Thestored energy 


may therefore be expressed as 


w= 5 1a( Bn Eran 2ed)/28d\ _ | cap, Lien 2am) (2a) 
~ 2° \sii Ba Ni 2 pane sii? "Ga. 





An equivalent parallel R-L-C cireuit that stores the same amount ol 
energy at a peak voltage F,, has a capacitance C = 21/E,,”, and therefore 


a! 1 + (sin 26d) /26d 


If desired, the inductance required to resonate with C and the shunt 
resistance needed to produce the correct Q may also be calculated, the gen- 
eral method being the same as that employed in the preceding examples. 

Note that the capacitance in the equivalent circuit 1s not equal to the 
tuning capacitance Co. In fact, as Bd approaches 7/2, C tends toward 
lscd, and the equivalent circuit approaches that of Fig. 26D, as may be 
expected. On the other hand, if Bd 1s very nearly zero, 


| + (ain 280)/26d 2 


tt eee 


sin? Bd —stsi‘i‘isés (BY? 


and C then has the approximate value cd/(Gd)*.. The value of the tuning 
capacitance Co may be computed, since its reactance must equal the 
inductive reactance of the line at resonance. ‘Therefore, 

A: = cos Bd 
oie eannna a Bd l sin Bd 
and 

cos Bd 

em Bd, sin Bd 
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For extremely small values of 6d, Co 1s approximately equal to cd/(8d)’. 
and therefore C approaches equality with Co when 6d approaches zero. 

9. Coupling to Transmission-line Resonators. Just as a_ parallel 
R-L-C circuit may have an impedance too high for many applications, so 
also a transmission-line resonator may have too high an impedance when 
operated near a peak of its |Z| curve. It is often necessary, therefore, to 
couple transmission-line resonators to other circuits in a way that reduces 
the impedance level to the desired value. Several coupling methods are 
described m this article. 

Figure 28A shows a line of length d short-circuited at one end with 
input terminals located a short distance d; from the short circuit. As 


j 1d.-L sine ES 
di} 








(A) CIRCUIT DIAGRAM (B) EQUIVALENT CIRCUIT VALID 
NEAR LOWEST FREQUENCY 
PEAK OF |Z| CURVE 


Fig. 28. Coupling to a quarter-wave line by means of taps on the conductors. 


indicated in Fig. 28B, the equivalent circuit valid near the lowest fre- 
quency peak of the |Z| curve is almost the same as the one obtained for 
quarter-wave resonance when connections are made at the end of the 
line—the values of R, L, and C in Fig. 28B are the same as the values for 
n = 1in Fig. 26D. Two important differences may be noted, however: 
(1) The impedance level is lower, and (2) the coupling reactance may be 
appreciable. For a given amount of stored energy in the quarter-wave 
mode, the voltage at the taps is sin (1/2)d,/d times the voltage at the 
openend. ‘Thus the impedance of each element in the equivalent circuit 
of the tap connection is sin? (1/2)d,/d times the corresponding impedance 
in the equivalent circuit for connections made at the open end. ‘The 
change 1n impedance level is taken into account in Iig. 286 by connecting 
the F-L-C circuit to the input terminals through an ideal transformer 
having a turns ratio of sin (#/2)d,/d:1. 

If d; is extremely small relative to d, the peak of the ‘Z| curve corre- 
sponding to quarter-wave resonance of the entire line occurs at a fre- 
quency very close to the frequency of the dip resulting from quarter-wave 
resonance of the line section of length d — d;, and coupling reactance is 
important. Because the dip occurs at a higher frequency than the peak, 
the coupling reactance is inductive. The coupling inductance, as indi- 
cated in lig. 288, is the difference between Id, the low-frequency induct- 
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ance measured at the taps, and L sin? (#/2)d,/d, the inductance of the 
equivalent cireuit at resonance. For small values of dy, Ll sin*® (9/2)d\/d 
is small compared with /d, and the low-frequency iInduetance of the line 
ld; may be taken as the coupling inductance with reasonable accuracy. 

Connection to a resonant line may also be made inductively by means 
of 4 transformer, as shown in Fig. 29.4. A peak-dip pair results from this 
method of connection in the following manner: With mput terminals 
open, resonance oceurs at a frequeney fi, for which the line length d ts 
slightly less than a quarter wave. The line and its terminating mduct- 
anee Ls are then equivalent to a quarter-wave line open at the far end. 
With the input terminals short-cireutted, resonance occurs in the same 
way except that the lime ts terminated in the short-circuit inductance of 
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(A) CIRCUIT DIAGRAM (B) EQUIVALENT CIRCUIT VALIO NEAR 
PEAK OF |Z| CURVE 


Fic. 29. Transmission-line resonator with transformer coupling. 


the transformer (1 — k?)Le. Because (1 — k*)Ls is smaller than Le, the 
short-circuit mode occurs at a slightly higher frequency fe for which d is 
more neatly a quarter wavelength. If Ls is small, f, and f2 are nearly 
equal and the input impedance curve of the system has a closely spaced 
peak-dip pair, the peak occurring at f; and the dip at fo. 

An equivalent circuit emphasizing the peak is simply obtained if Le is 
considered to be essentially a short circuit and @ very nearly a quarter 
wavelength. The peak current in L2 may then be taken as J,,,,,,, and the 
peak voltage at the transformer input terminals is then 


wolll 


bie — CHIME sce — P Ue ene 
c 


where AM is the mutual inductance of the transformer. The fact that the 
voltage at the input terminals is wolf /R, times the voltage at the open 
end of the line indicates an equivalent circuit composed of a parallel 
R-L-C circuit based upon open-end quantities and an ideal transformer 
of turns ratio wAf/R,. Coupling reactance must also be included, how- 
ever, because of the presence of the peak-dip pair. The equivalent cir- 
cuit thus takes the form of Fig. 29B, and fh, L. and C have the values 
indicated in Fig. 26D for n = I. 
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Setting w» equal to 27fo and making use of the value of fo = fin Eq. on, 
p. 650, yields for the ideal-transformer ratio 


woM  .  M A’ aM 
= 27 = — 
R, ddvVJ/loNi 2Id 











or 7/2 multiplied by the ratio of A/ to the low-frequency inductance of 
the line. An approximate value for the coupling inductance is deter- 
mined by subtracting from the low-frequeney inductance L, the resonant- 
circuit inductance ZL referred to the transformer primary. ‘The result, 
Ly — (A /2ld)*L, is indicated in the figure. 

Comparison of Iigs. 288 and 298 shows that tap connection coupling 
and transformer coupling used with transmission-line resonators provide 
very sumilar results. Either coupling method furnishes a means of con- 

trollmg the resonator impedance. The 


impedance is decreased by moving the 

oe taps in Fig. 28 toward the shorting bar 

d or by reducing the mutual inductance of 

— the transformer in Fig. 29. With either 

Ps coupling device, an excessive reduction 

XK of impedanee may make the resonator 
COUPLING 

LOOP 










impedance so small relative to the cou- 
pling reactance that the effect of 
resonance 1s lost. 

The similarity between the tap 
Fia. 30. Transtmission-line resona- Connection and the transformer may 
tor with coupling loop. be further illustrated by Fig. 30. This 

figure also serves to point out that 
the windings of a transformer employed with high-frequency lines do not 
have many turns. Ordinarily the transformer coMprises a single-turn 
coupling loop inked by mutual magnetic flux to the shorting bar of the 
resonator hne. The particular coupling-loop arrangement shown in Fig. 
30 1s negligibly different from the tap connection, provided the loop is 
placed very close to the resonator line so that essentially the same flux 
links the loop and the d; section of the line. With this arrangement the 
loop voltage equals the voltage that would appear between taps on the 
resonator conductors at the distance d, from the short circuit. 

ligure 29B applies to the resonator of Fig. 30. In this equivalent cir- 
cult, the ideal-transformer ratio 7M /2ld may be decreased (1) by reducing 
the length d, of the coupling loop ify Bie. 30, the loop being kept close to 
the resonator, or (2) by moving the loop away from the resonator and not 
changing d). If the first method is employed, the loop inductance L, is 
decreased. Thus both the couphng reactance and the resonator imped- 
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anee deerease, but the resonator impedance decreases at the greater rate. 
If the second methed is used, Ly is not changed. The resonator imped- 
anee decreases, but the coupling reactance (see Fig. 29/3) creases some- 
what and then (for small values of .J/) remains constant. For a given 
resonant impedance, coupling reactance is least when the mput line 1s 
coupled as closely as possible to the resonator or, in effect, when the tap 
connection is used. | 

A resonant system that illustrates one way of employing capacitive 
coupling is shown in Fig. 380-1. Conneetions are made to metal disks 
whieh serve as small capacitors connecting the external cireurt Co the 
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Kyo. 31. Transmission-line resonator with capacitive coupling. 


resonant line. The important capacitances between disks are indicated 
in Fig. 31B, and a cireuit diagram showing the line and the capacitances 
is shown in Fig. 31C. The lowest frequency open-circuit mode of the 
system occurs at a frequency for which d is shghtly less than a quarter 
wave and corresponds to the lowest frequency mode of the capacitor- 
loaded line of Fig. 27, p. 653. 

An equivalent circuit appheable in the frequency range of the lowest 
frequency open-circuit mode may be obtained if the capacitance voltage 
divider of Fig. 31C is first replaced by an ideal transformer with shunt 
and series capacitors (see .Art. 20, Chap. Il). The result is Fig. 31), and 
the portion of this circuit to the right of the ideal transformer is changed 
to the R-L-C circuit of Fig. 312 by the methods employed in connection 
with Fig. 27. Note that the capacitive coupling reactance of Ing. 31k 
indicates a dip in the |Z| curve at a frequency less than the frequency of 
the peak. The dip is the result of the short-circuit mode in which the 
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ine of Vig. 31C resonates with Cy shunted by 14C,, and the peak is the 
result of the open-circuit mode obtained at the slightly higher frequency 
of resonance of the ne with Cy shunted by the series combination of 
44C, and C2. 

10. Transmission Lines Terminated by Resonators. In the whf and 
microwave-frequency ranges, resonators are oftentimes connected to 
other apparatus through a short section of transmission ine. Because of 
the properties of transmission lines, the impedance at the input terminals 
of the hne may be very different from the input impedance of the reso- 
nator itself. The presence of the transmission line must therefore be 
taken into account in any equivalent-circuit representation of the entire 
system. 

Figure 324 shows several different lengths of transmission Hine termi- 
nated by a parallel R-L-C circuit. The P-L-C circuit may be regarded as 
an equivalent circuit for any type of resonator in the region of an isolated 
peak of 1ts impedance curve. The peak is assumed to be located at a 
frequency fo, and the values of d in the figure represent hne lengths at this 
frequency. 

The variation of the input impedance of the resonator-and-line system 
as a function of frequency is indicated by the impedance curves of Fig. 
3265. The first-row curve, drawn for d = 0, is the usual [Z| curve for a 
paraltel-resonant circuit and indicates that the impedance is essentially 
zero except at frequencies near fo. The remaining impedance curves 
therefore follow the input-impedance curve for a shorted-end line, except 
in the range of frequencies near fo. At fo the impedance is that of the 
line terminated in a high resistance. 

The impedance curve in the third row of Fig. 32, applicable ford = d/4 
at fo, is the curve for a shorted-end line near its quarter-wave resonance, 
except that a sharp dip occurs at the frequency fo. The high terminating 
impedance at this frequency causes the quarter-wave line to have a low 
Input impedance. Similarly, for d = \/2, the curve in the bottom row of 
the figure indicates a peak of impedance at fo. 

For a tine length d = X/8, the Impedance curve has a peak-dip pair in 
the neighborhood of fo, as indicated by the second curve in Fig. 32B. 
The peak occurs at f,, a frequency slightly less than fo, and corresponds to 
an open-circuit mode of the R-L-C circuit shunted by the capacitance of 
the A/8 section of open-end line. The dip at a frequency fe above fo is the 
result of a short-circuit natural mode obtained when the R-L-C circuit is 
shunted by the inductance of the \/8 section of shorted-end line. For 
d = 3d/8, the curve in the fourth row applies and shows a similar peak- 
dip pair. The dip in this figure, however, is at a lower frequency than 
the peak because the 3/8 line is equivalent to a capacitance when short- 
cireuited and to an inductance when open. 
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Fic. 32. Resonator with input transmission line. 


From these impedance curves appropriate forms for equivalent cireuits 
valid near fy can be determined to represent the resonator-and-Ine system 
of Fig. 39. If the input line is an even number of quarter waves long at 
fy, a peak in the impedance curve must be represented. A parallel 
R-L-C combination is thus required in the equivalent circuit, as ind ‘ated 
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by the top and bottom diagrams of Tig. 32C. If the line is an odd number 
of quarter waves in length at fo, the dip in the impedance curve requires a 
series #-L-C combination in the equivalent cireuit (see the center diagram 
of Ine. 32C). For intermediate line lengths, peak-dip pairs occur in the 
impedance curve and the equivalent circuit comprises a parallel tuned 
circuit In series with a coupling reactance or a series tuned circuit shunted 
by a coupling susceptance. As indicated in Fig. 32C, the coupling 
reactance (or susceptance) is inductive if the peak occurs at a lower fre- 
quency than the dip and capacitive if the dip is at the lower frequency. 

The parameters of each of the resonant circuits in Fig. 32C may be 
calculated from the natural frequency, stored energy, and Q of the 
resonant mode represented. The values obtained differ from the values 
of fk, L, and C of the terminating resonator itself. This change of ele- 
ment values is to be expected in all the circuits of Fig. 32C except, 
possibly, in the one for d = \/2 because of the changes in resonant fre- 
quency and form of the circuit that occur. Even for d = \/2, changes of 
element values occur, however, because Cs (see Fig. 32C) must be ereater 
than C to account for stored energy in the input line and Rs must be less 
than & to account for losses in the Hne. The Q of the equivalent cireuit 
may be greater or less than that of the terminating resonator, depending 
upon the relation of stored energy to loss in the input line. 

Ordinarily the impedance-level parameter ~/ L/C of the terminating 
resonator 1s small relative to the characteristic resistance of the line, and 
the hne length does not exceed a few wavelengths. The peaks and dips 
of the impedance curve caused by the resonator-impedance changes are 
then very sharp relative to the peaks and dips produced by the line itself, 
and the stored energy and loss in the line are neghgible relative to the 
stored energy and loss in the resonator. In consequence, for a half-wave 
input line the equivalent-circuit parameters (it's, Le, and Cy, in Fig, 320) 
are essentially equal to the corresponding terminating-resonator param- 
eters. For a quarter-wave input line of characteristic resistance tie 
mput impedance is very nearly 2 divided by the resonator impedance. 
Thus in Fig. 32C, PR, is almost equal to R2/R and »/L3/C3 is approxi- 
maery fi.2/+/L/C. Vor *&laes of dithat arenot multiples of \/4+, the 
parallel-resonant part of an equivalent circuit emphasizing the peak of 
the {Z| curve differs from the termmating resonator mainly in that the 
impedance level is higher. For resonance in the open-circuit mode, the 
standing-wave pattern of the input line has the effect of an ideal trans- 
former and causes the voltage at the terminating resonator to be less than 
the input voltage of the line. ‘ ’ 

The equivalences between circuits indieated in lig. 32 have been pre- 
sented as a means of obtaining a lumped-parameter circuit equivalent to 
a& transmission-line-and-resonator circuit. In the study of high-fre- 
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queney systems, however, these same equivalences are particularly useful 
when applied in the reverse direction. Because any one-entry resonator 
for which the impedance curve has an isolated peak, dip or peak-dip pair 
ean be represented in a small frequeney range near the resonance by one 
of the circuits of Pig. 32C, and because each of these civeults is equivalent 
to a transmission-line section terminated by a parallel R-L-C circuit, the 
line-and-resonator circuit (drawn in Fig. 33.0) may be regarded as a 
eeneral equivalent cireuit for a one-entry resonator. As Indicated by the 
third-row diagrams of Fig. 32, the resonator and last-quarter-wave sect lon 
of line in Fig. 33-4 may be replaced by a series R-L-C cireamt. “Thats the 
cireuit of Fig. 33B is an alternate to that of Tig. 33840 as an equivalent 
eireuit for the one-entry resonator. 


[> ¢ —___+] ee 5 


(A) PARALLEL- CIRCUIT REPRESENTATION (8) SERIES-CIRCUIT REPRESENTATION 
Fic. 33. Equivalent circuits for a one-entry resonator. 


The equivalent circuits of Fig. 33 are especially useful at high fre- 
quencies, because connections to high-frequency resonators are almost 
always made through transmission lines, and the exact location of the 
resonator input terminals is difficult to determine when wavelengths are 
comparable to the Ime and resonator dimensions. When one of the 
equivalent circuits of Fig. 33 1s employed, it is necessary only to select an 
arbitrary reference plane in the input Ine. The remainder of the line 
and the resonator are then represented by either of the circuits in lig. 33, 
parameter values being chosen 1n accord with the input impedance at the 
chosen reference plane. A change in the location of the reference plane 
‘s accounted for by a corresponding change of the line length in the equiv- 
alent circuit. In fact, if desired, a reference plane may be chosen for 
which the line length in one of the equivalent circuits 1s zero. The mput 
impedance at the reference plane is then the impedance of a simple 
parallel or series /t-L-C circuit. 

In order to specify either of the equivalent circuits of Fig. 38, four 
parameters—d, R, L, and C for the circuit. of Fig. 33A—are required. 
These quantities are most conveniently determined from a different set of 
four parameters that is more directly related to the measurements that 
can be made upon the system. ‘The second set of parameters comprises 
the input-line length, resonant frequency, unloaded Q, and loaded Q. The 


§62 RESONANT LINES AND CAVITIES (CHap. IX 


‘nput-line length is the distance d or d’ in Fig. 33. The resonant fre- 
quency (fo) and unloaded Q (denoted by Q) apply to the terminating 
resonator alone and are the parameters introduced in Arts. 1 and 2. The 
loaded Q (denoted by Q,) ts the Q of the circuit formed when the character- 
istic resistance of the transmission line is connected to the resonator 
terminals. The loaded Q may be thought of as the Q obtained when 
oscillations of the resonators in Fig. 33 are damped not only by the 
resonator losses but also by loss of power to the transmission hne, the line 
length being assumed infinite. For the parallel-resonator circuit in Fig. 


OoA, 








| R RR/(R + R, 
fo — iy agg San, () ——— (); — ef (R + Re) (40) 
2r +/LC / L/C V/ L/C 
and for the series-resonator circuit of Fig. 33B, 
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The parameter Q, ordinarily replaces the impedance-level parameter 
\/L/C introduced in Art. 6 whenever a resonator is used in conjunction 
with a transmission line, because Q, specifies the relationship of 1/L/C to 
the characteristic resistance of the line and determines the sharpness of 
the resonance effect in the over-all system. For the parallel-resonator 
circuit of Fig. 334A, low values of ./Z/C relative to R, lead to values of 
(J; only shghtly less than Q and result in a terminating impedance for the 
transmission line that changes between nearly zero and nearly infinite 
values in a narrow frequency range near fo. High values of \/L/C make 
, low and cause the line to be terminated almost in an open circuit at all 
frequencies near fo. For the series-resonator circuit of Pie oo etic 
impedance relationships are reversed: large values of 1/L’/C’ relative to 
R, make Q, large and provide a sharply resonant over-all system. Often 
a resonator 1s said to be loosely coupled to a line when the impedance rela- 
tions are such that Q, is nearly as large as Q and closely coupled if Q, is 
small and Q large. (This use of ~ loosely coupled”’ and “closely coupled” 
should not be confused with the concept of degree of coupling in a trans- 
former, which is expressed by the couphng coefficient.) 

The parameters fo, Q, Q;, and d for a one-entry resonator can be deter- 
mined from standing-wave measurements in the input hne. Again con- 
sider the line and parallel R-L-C Yircuit in Mig. 334. The reflection 
coefficient T,, at the end of the line is given by the expression 
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where y¥, = q@ + jb is the per-unit admittance of the terminating reso- 
nator, and thus g is equal to R./P and b equals R.(@C — lool). igure 
34 isa plot of P, on the Smith chart for frequencies both above and below 
fy. At fo. Pps located at the point <4, 
which corresponds to 


a bie! i =) 


t+q PR R.+ 1 


As the frequeney varies, P; varies ina 
manner which causes it to trace the 
circular path on the chart. 

That I’, deseribes a cirele as the 
frequeney is varied may be proved by 
showing that a point exists which is 
equally distant from all points of the 
locus of Tz. The location of such Nic. 34. Locus deseribed by En as 
a point Io, which is the center of the i, Neale 
circle, may be established in the following way: The distance between Io 
and a point T,, on the locus is the magnitude of the complex number 
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(42) 


Numerator and denominator of the fractional factor in Eq. +2 have equal- 
magnitude imaginary parts. If the real parts are made equal, the frac- 
tion will have a magnitude of unity and ae = To will equal 1 + To, a 
constant. Thus the locus is proved to be a circle with To as its center if 
Ty can be located so that 





Q—g)—To(lt+g) =U4+ To) +49) 


The value of T, that satisfies this equation is —g/( + 9), and the center 
of the circular locus is located at the point marked To in Fig. 34. The 
radius of the circle, 1 + To, is equal to 1/() + 4). Substituting the 
value of I) into Eq. 42 vields 


1 (1+9) -— 7 


le To 7aga+s) +70 


(43) 


It may be shown also that points P and Q in Fig. 34 correspond to the 
half-power frequencies of the circuit from which Q; is computed, that 1s, 
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the parallel #-L-C circuit of Fig. 33A shunted by R,. At points P and Q, 
the angle of T, — Vo is, respectively, 90 and —90 deg. According to 
liq. 43, the angle of T, — Ip is +90 deg when 1 + g = +6, that is, when 
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2 (uc = 2) ee 
As explained in Art. 6 of Chap. VI, Eq. 43 represents the relation between 
conductances and susceptances at the half-power frequencies of a circuit 
composed of L, C, R, and R. in parallel. Therefore the per-unit band- 
width between half-power frequencies of this circuit is equal to 1/Q,, the 
reciprocal of the loaded Q of the resonator. 


2 


d=i’/8 d=\/4 d=3\/8 42/2 


Wie. 35. Locus of Tq for the line lengths of Fig. 32. 


The locus of the reflection coefficient Py at a reference plane distant d 
from the R-L-C circuit may be determined from the [ i, circle by rotating 
each point of the locus clockwise through an angle equal to twice the 
electrical length of the line between load and reference plane. Because 
each point of the I’, circle corresponds to a different f requeney, each point 
should be rotated through a shghtly different angle. If Q, is high, how- 
ever, most of the circle corresponds very nearly to the frequency fo, and 
a close approximation to the I’, locus is obtained by rotating the entire 
circle through a constant angle equal to twice the electrical length of the 
hne at fo. The resulting error is appreciable only at frequencies outside 
the range of interest. 

Figure 35 shows the positions of Ty circles for the line lengths considered 
in Fig. 32. Observe that, if d is a multiple of a half wave, the center of 
the circle hes to the left of the center of the chart, and frequency fo (cor- 
responding to point A) represents a peak in the input-impedance curve. 
If dis an odd multiple of a quarter wavelength, the center of the Py locus 
lies to the right of the centerof the chart, and fo corresponds toa dip in the 
impedance curve. A circle displaced above or below the center of the 
chart corresponds to a ine length which is not a multiple of a quarter 
Wave and to a peak-dip pair in the Impedance curve. F requeney fo then 
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corresponds to the oscillation frequency of the resonator itself, the peak- 
and-dip frequencies being slightly different from fo. 

Curves similar to those of Fig. 35 may be plotted from standing-wave 
measurements made in the input line of any one-entry resonator, and 
from these curves the parameters PR, L, C, and d of the equivalent circuit 
may be determined. Observe in Fig. 30 that the lowest standing-wave 
ratio always occurs at fo. The resonant frequency of the R-L-C circutt 
ean therefore be determined directly. The value of ft required to produce 
the minimum standing-wave ratio may be ealeulated from knowledge of 
the characteristic resistance of the line. ‘The londed Q is determined from 
frequeney difference between points corresponding to P and Q in Hig. 34, 
and from Q;, fo. and RW the values of L and C ean be caleulated. The 
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Fig. 36. A two-cntry resonant network. 


value of d is determined from the position of the Pe circle mn relation to 
the circle for d = 0. 

11. Two-entry Resonators. Frequently power delivered to a resonator 
at one point of entry Is extracted from the resonator at another point of 
entry. Each entry may be a pair of input terminals or, in the microwave 
region, a transmission line or waveguide. Such a resonator 1s called a 
two-entry resonator. 

A simple form of two-entry resonator, consisting of a parallel L-C’ net- 
work and two pairs of terminals, 1s drawn in Fig. 36A. A source is con- 
nected across one of the two capacitors, and the load 1s placed across one 
of the two inductors. 

An equivalent circuit 1s drawn in Fig. 36B. Resistance /t accounts for 
any small loss that may be present in the original circuit, and the ideal 
transformers and coupling reactances represent the effect of the capaci- 
tance and inductance voltage dividers (see Art. 20, Chap. IT). 

The operation of the circuit at resonance May be visualized readily if 
the current in R and the voltages across the couphng reactances are 
temporarily ignored. Since the inductance and capacitance branches 
together constitute an open circuit at resonance, the resonator 1s simply 
the equivalent of an ideal transformer of ratio 


Output voltage _ Le/(L1 + £2) 
Input voltage = Ci/(Ci + C2) 
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connecting input and output terminals. For this reason such a two-entry 
resonator is sometimes called a resonant transformer. The taps on the 
voltage dividers control the transformation ratio and thus serve to adjust 
impedance relationships between the input and output circuits. 

Actually, of course, the operation of the resonator is influenced by the 
shunt resistance FR, especially when the voltage-divider taps are adjusted 
for high voltages across the resonant circuit so that the loss in R is impor- 
tant. Actually, also, if appreciable load current is drawn, the voltage 
drops across the coupling reactances may become important. From the 
point of view of operation at resonance, therefore, the taps should be 
adjusted to make both C1/(C; + C2) and L»/(L1 + Le) as near unity as 
possible, not only to minimize the loss in the resonator, but also to reduce 
the magnitudes of the coupling reactances (see Art. 7). 

At frequencies above and below resonance, the reactance of the tuned 
circuit is extremely low compared with its value at resonance, and the 
source and load are essentially short-circuited, except for coupling 
reactances. The resonator may therefore be likened to a frequency- 
operated switch which connects source to load only in a small band of 
frequencies centered at fy. If an extremely narrow pass band is desired, 
the voltage-divider taps should be adjusted for very small values of 
Ci iCik Co) and Lo/(La + Ly) in order that the resonator may short- 
circuit the input and output terminals effectively at frequencies only 
slightly different from fy. The adjustment chosen for the taps is there- 
fore a compromise between sharp selectivity and high efficiency at 
resonance. 

The resonator of Fig. 36A is characterized by a single natural mode of 
resonance with both terminals open and by the fact that the mode is 
coupled to both terminal pairs. Although resonators in general may have 
a variety of resonant modes, usually only those modes within a narrow 
frequency band which couple to both pairs of terminals are of interest. 
An equivalent cireuit that apphes to any two-entry resonator in the 
region of a single open-circuit mode is drawn in Fig. 374. The tuned- 
circuit elements Ry, Ly, and C, are determined by the resonant frequency, 
(J, and stored energy of the open-circuit mode in accordance with the 
methods of Art. 6, and the ideal transformer with ratio 1:a, accounts for 
the different voltage and impedance levels that are present at input and 
output terminals. If desired, the transformer may be placed on the 
opposite side of the tuned circuit from that shown or two transformers 
may be used as in Fig. 36B. The coupling reactances account for modes 
obtained at near-by frequencies with ene or both terminal pairs short- 
circuited. Approximate values of these reactances may be determined 
from the inductance or capacitance measured between terminals at very 
low frequencies (see Art. 9). 
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The equivalent circuit of Fig. 837A assumes that the entire coupling 
between input and output terminals is provided by the open-circuit mode 
of interest. If other coupling is present, a mutual coupling reactance 
must be placed in series with the tuned civeuit in order to provide a con- 
nection between souree and load at frequencies for which the tuned cireuit 
is essentially a short eireuit. In practical resonators, mutual coupling 
reactance is negligible for most purposes, and the circuit of lig. 387A 1s 
adequate. 

The equivalent ecireuit of a two-entry resonator in the region of an 
isolated short-cireuit mode that couples to both entries is drawn in Fig. 
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(C) EQUIVALENT CIRCUITS OF PARTS A AND B WITH COUPLING 
REACTANCES REPLACEO BY TRANSMISSION LINES 


Fre. 37. Equivalent circuits for a two-entry resonator. 


27B. This circuit is similar to the series-resonant equivalent circuit of a 
one-entry resonator, except that it includes two terminal pairs and an 
‘deal transformer to account for any change in voltage and impedance 
level in the resonator. The series R-L-C circuit is resonant at the natural 
frequency determined with both terminal parrs short-circuited, and the 
coupling reactances account for near-by natural frequencies obtained 
with one or both terminal pairs open. If nonresonant coupling exists, 1t 
may be represented by a shunt susceptance placed across the /t-L-C 
combination. 

At high frequencies, input and output connections to resonators are 
usually made by means of transmission lines. Therefore, as for one-entry 
resonators, it is convenient to use equivalent circuits m which input and 
output line sections replace the couphng reactances and susceptances of 
Figs. 374 and B. Appropriate changes of the values of resonant-circult 
parameters and the transformer ratio: are required, of course, and the 
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resulting circuits are indicated in Fig. 37C. Either of the two circuits 
shown may be used to represent any two-entry resonator of the general 
type considered. ‘The equivalence of the two circuits may be shown from 
the fact that a parallel ?-L-C circuit joined by two transmission lines to 
two terminal pairs has a short-circuit natural frequency at fo, the resonant 
frequency of the R-L-C circuit, provided each line is a quarter wave 1n 
length at fo. Therefore the parallel circuit with quarter-wave lines is 
equivalent to a two-entry circuit in which a series R-L-C circuit resonant 
at fo joins the terminal pairs. 

For a two-entry resonator, loaded Q has the same basic significance as 
for the one-entry resonator; that is, Q, is the Q of the circuit obtained from 
the equivalent circuit by replacing each line with its characteristic resist- 
ance. For example, if each line of the circuit of Fig. 37C employing the 
parallel resonator has the characteristic resistance fe, Q: is the Q of the 
circuit comprising L, C, R, R., and R,/a? all in parallel. -The loaded Q 
indicates the sharpness of resonance of the resonator When operated in 
conjunction with the lines. 

12. Coupling Devices for High-frequency Resonators. The equivalent 
circuits discussed in Arts. 6-11 apply directly to resonators and coupling 
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Tlic. 38. Methods of connecting a coaxial line to a cavity resonator. 


devices operating at any frequency in the range from very low to ultrahigh 
frequencies. In low-frequency network resonators, definite terminal 
pairs can be selected at which voltage, current, and impedance can be 
measured, and at ultrahigh frequencies definite reference planes in input 
or output lines can be selected at which the same quantities can be meas- 
ured. At higher frequencies, waveguides and cavity resonators are 
employed, and the operation of these devices is described in terms of field 
intensities and wave impedances. The relation of these quantities to the 
circuit quantities and equivalent circuits for high-frequency resonators 
are to be the subjects of the remaining articles in this chapter. 
Microwave resonators may be joined to other apparatus by means of 
either coaxial lines or waveguides. “A dine or guide may be coupled to a 
resonator In a variety of ways. For coaxial lines, three methods of 
coupling to a cavity resonator are indicated in ig. 38. If the resonator is 
a coaxial-line cavity, junction coupling obtained by a direct connection of 
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the coaxial conductors may be employed, as indicated in lig. 388A. This 
coupling method is the high-frequency analogue of the connection to 
{aps on transmission-line conductors considered in Art. 9. Loop coupling, 
illustrated in Fig. 3823, is obtained if the inner conductor of the input line 
is bent around and fastened to the cavity wall. Probe cowpling, Mlus- 
trated in Fig. 38C, results if the inner conductor merely penetrates a short 
distance into the cavity. Loop and probe coupling are, respectively, the 
high-frequency analogues of the inductive and capacitive coupling 
methods discussed in Art. 9. 

One method of coupling a waveguide to a cavity resonator makes use of 
a short section of coaxial line between guide and cavity. One end of the 
line connects to the cavity by one of the methods of Vig. 38, and the 
other end is coupled to the guide in somewhat similar fashion. Details 
of waveguide-to-coaxial-line junctions are described ino Art. 17, A 
mechanically simpler coupling method for a waveguide and cavity reso- 
nator, illustrated in Fig. 39.1. employs an aperture, or window, cut in a 
wall that is common to the guide and resonator. Coupling results from 
the penetration of electric and magnetic fields through the opening. As 
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fic. 39. Examples of aperture coupling. 


indicated in Fig. 39B, aperture coupling may be employed in coaxial-line 
systems also. 

No matter which of these coupling methods is employed, a cavity reso- 
nator with its input line or guide can be represented in the frequency 
region of an isolated mode by an k-L-C circuit connected to a transmission 
line. Any coupling reactance that may be present 1s taken into account 
by the length of the line in the equivalent circuit. By means of standing- 
Wave measurements in the input line or guide, the parameters of the 
equivalent circuit (referred to a particular plane) may be determimed. 
The performance of the resonator in association with other equipment can 
then be calculated. Asan aid to understanding the physical principles of 
the resonators and coupling devices, however, and as a means of determin- 
ing the effect of specific changes m the system, more detailed equivalent 
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circuits are desirable. Such circuits are developed in the following 
articles. 

13. Parallel Connections at High Frequency. ‘The coavial-line junc- 
tion of Fig. 38A is only one of many microwave coupling devices that are 
representable in equivalent circuits by means of elements connected in 
parallel. An essential feature of a parallel connection is that the same 
voltage is impressed across each of the elements in parallel. Parallel 
connections are simply made at low frequency by connecting impedance 
elements across the same pair of terminals. At high frequency, however, 
such a connection does not necessarily subject the elements to the same 
voltage. ‘The reason for this difference between low- and high-frequency 
operation hes in the basic concept of voltage and its application to high- 
frequency devices. 

Voltage is properly defined as the integral of the tangential component of 

electric-field intensity along a spect- 





B fied line. In Fig. 404A, the dashed 
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‘ a field of intensity §&, and the 
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Fig. 40B, the path along which the voltage is measured must be specified, 
and an integration is needed to find the voltage between two points. To 
determine the voltage of point C with respect to point # along the path 
CDE, for example, the path must be divided into small segments. ‘The 
voltage across each segment is then found by multiplying the component 
of & tangential to the segment by the segment length, and all the segment 
voltages are summed. Evidently the voltage along paths CDE and some 
other path, CFE for example, are equal only if the integral of the tangen- 
tial components of & around the closed loop formed by the two paths is 
zero, that 1s, only if the electromotive force acting around the closed loop is 
zero. 

As explained in Art. 17, Chap. VII, the electromotive force around any 
closed path is equal to the time rate of change of magnetic flux linking the 
loop. At low frequencies, the electromotive force is nearly always negli- 
gible (unless the loop is extremely large or encircles a ferromagnetic 
material with large flux density), and the voltage between any two points 
in the field may be specified without regard for the path between the 
points. At high frequencies, however, even a small magnetic flux linking 
the loop may induce appreciable electromotive force because of the high 
rate of change of flux. The path along which a voltage is measured thus 
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becomes important, and different voltages may be expected along differ- 
ent paths between the same two pomts. 

Even though two impedances are connected to the same pair of points, 
they are in parallel only if the voltages along the two paths occupied by 
the impedances and their connecting leads are equal. At high fre- 
quencies, the voltage to which an impedance 1s connected must therefore 
be determined from the clectric field in the region occupied by the imped- 
anee. It is not sufficient to know the points to which the tmpedance 1s 
connected. 

Connection of impedance elements in parallel with a transmission Ite 
propagating only transverse-clectromagnetic waves is of spectal interest. 
Beeause the magnetic field of the waves lies entirely in the transverse 
plane, tt cannot link any closed loop located in that plane. ‘Therefore, if 
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Fic. 41. Impedances in parallel with transmission lines. 


an impedance element in the transverse plane is connected by leads in the 
same plane to the line conductors, the impedance is subjected to the line 
voltage at the point of connection and may be considered in parallel with 
the line. Of course, no physical impedance device is confined completely 
to a single plane, but as long as the dimensions of the device along the 
line are short relative to the wavelength, voltages measured along different 
paths through the device are nearly equal, and the parallel connection 
may be considered a good approximation to the correct representation of 
the device. 

With parallel-wire or parallel-strip lines, an impedance element con- 
nected in parallel with the line ordinarily lies outside the region between 
conductors. No change in the electrical conditions results, however, if 
the impedance device and its connections lie along a straight line between 
the centers of the conductors. An equivalent location of an impedance 
in parallel with a coaxial line is indicated by the sketch in Fig.41A. Such 
a location of an impedance element inside a coaxial line 1s ordinarily 
impractical, and the alternate arrangement ol Fig. 41B is employed 
instead. One lead passes through a hole in the outer conductor and thus 
permits the impedance element to be located outside the line. An 
analogous connection for a parallel-strip line 1s indicated in Fig. 41C. 
Because these connections are merely particular arrangements of the cir- 
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cult within the transverse plane, they are each represented in an equiv- 
alent circuit as a connection of an impedance in parallel with the line. 
Lhe impedance in parallel with the ine includes not only the Impedance 
of the device marked Z in Vig. 41 but also the effect of the series induct- 
ance and shunt capacitance of the connecting leads. As an example of a 
parallel connection and the method of determining the nature of the 
shunt impedance, consider the coaxial-line T junction shown as part of 
the junction-coupled coaxial-line resonator in Nig. 424A. The T junction 
may be thought of as equivalent to the parallel connection of Tig. 41B, the 
device Z being replaced by the input impedance of a coaxial line. An 
equivalent circuit for the T junction appears in Fig. 42B; the inductance 
of the connecting lead (PQ in Fig. 424) is indicated as Li. 
slim omic 1.0 . Bis db ae ee ee en AR-da—{ bee 
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Fie. 42. Coaxial-line resonator with Junction coupling. 


The justification for the equivalent circuit may be indicated in more 
detail. In the immediate region of the T junction a complicated field 
pattern made up of the principal wave plus higher order waves ewists. 
Lhe higher order waves attenuate rapidly with distance from the junction, 
and reference planes (indicated by the lines AA, BB, and CC) may be 
chosen so that only the principal wave appears in the regions beyond the 
reference planes. The equivalent circuit in lig. 42B thus contains three 
transmission lines joined by a network that represents the region of 
higher order waves. 

The form of this network may be determined at relatively low fre- 
quencies for which the transverse Hine dimensions are small fractions of a 
wavelength. The side-arm Hne may, for these frequencies, be considered 
to le in a transverse plane of the main line. A parallel connection is thus 
indicated. The nature of the parallel impedance is determined by first 
imagining the side-arm line to be short-circuited at the entrance to the 
main line by a metal plug. The impedance in shunt with the main hne 
is then the inductance L, of the post formed by the end PQ of the center 
conductor. If the short-circuiting plug is removed, the input impedance 
of the side-arm line appears in series with this inductance, as in Fig. 42B. 
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At very low frequencies, L; may be ignored because of its small react- 
anee, and the exact location of reference planes is unimportant because of 
the great length of low-frequency waves. At higher frequencies, the 
reactance of L; is appreciable, and the distances dy, dy, and d, are impor- 
tant in terms of a wavelength. At very high frequencies, a more com- 
pleated equivalent circuit is needed. Fortunately, however, the circuit 
of Fig. 4238 is moderately accurate throughout the range of frequencies 
normally emploved, this range being limited to frequencies for which only 
the prineipal wave is propagated. 

The equivalent cireuit for the complete resonator of Fig. 42.4 1s drawn 
in Fig. 42C. The input line and part of the coupling inductance L.m this 
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hig. 43. Sectional views and equivalent circuits for re-entrant cavity with parallel 
impedances. 

circuit correspond to the side-arm line and inductance /; in Fig. 425. 
The remainder of L, and the parallel resonant circuit form the equivalent 
circuit for a line section with connection to taps on the conductors (see 
Art. 9). 

A second parallel connection of importance is illustrated in Fig. 48, 
where an impedance element is connected between two points of a 
re-entrant cavity. As explained in Art. 5, if the clectric and magnetic 
fields occupy different regions in the cavity, the equivalent-cireuit repre- 
sentation of the cavity is a parallel R-L-C circuit, as indicated in lig. 43, 
the inductance being determined by the cross-sectional area and circum- 
ference of the toroid and the capacitance being determined by the spacing 
and area of the parallel plates. The voltage across the parallel combina- 
tion is the voltage between plates measured along a path perpendicular 
to the plates in the gap. 

Several possible locations for an impedance Z in the cavity are illus- 
trated in Fig. 43. For the location of Z in Fig. 434, the gap voltage 1s 
also the voltage across Z, and in the equivalent circuit Z appears in 
parallel with R, L, and C. In Fig. 488, however, the voltage along the 


674 RESONANT LINES AND CAVITIES [CHap. IX 


path of Z is less than the gap voltage because some of the magnetic field 
fails to link Z and its leads. The impedance of the resonator circuit 
viewed from the terminals of Z is therefore reduced exactly as it would be 
if Z were connected to taps on the conductors of a resonant-line section 
rather than at the maximum-voltage point. The effect of the reduced 
voltage at Z is indicated by the ideal transformer in the equivalent circuit 
of Fig. 43.6, the transformer ratio a being the ratio of the voltage across Z 
to the voltage between capacitor plates in the resonator. In Ie. 43C, the 
electric field along the path of Z is zero everywhere, and as indicated in 
the equivalent circuit both ends of Z are at the same potentials—there is 
no connection between Z and the oscillations of the cavity. 

The location of Z within the resonator gap, as in ig. 43A, is encoun- 
tered in two very important devices. The first is the klystron (see Chap. 
XI), and in it Z is the impedance of a small section of an electron beam 
that passes through perforations in the capacitor plates of the resonator. 
The conductance component of the admittance of the beam can be made 
negative, with the result that power is supplied from the electrons to the 
resonator to sustain oscillations in the cavity. The second device is the 
t-r tube discussed in Art. 11 of Chap. XII. In the t-r tube Z is the 
impedance of a gas-filled gap between the capacitor plates of the reso- 
nator. For small voltages between the plates, Z is essentially an open 
circuit. If a strong oscillation is initiated in the cavity, however, the gas 
lonizes, and a discharge across the gap causes the impedance Z to be very 
low. 

A re-entrant resonator connection analogous to the coaxial-line connec- 
tion of Fig. 41B can be used to obtain the equivalent circuit of Fig. 43.4 
when the impedance Z must be external to the resonator. Such a con- 
nection is seldom used, however, because of the very large impedance of 
the resonator thus obtained. To reduce the impedance level, the cen- 
ductor that enters the resonator is ordinarily bent into a small loop that 
links only a small part of the magnetic flux of the resonator. The 
coupling loop that results is the subject of the next article. 

14. Coupling Loops. Most common among the methods of connecting 
a coaxial line to a resonant cavity is the use of a small loop formed in the 
end of the center conductor of the line and inserted into the side of the 
cavity. An example of loop coupling to a re-entrant cavity 1s given in 
Fig. 38B, p. 668, and additional examples of loop coupling appear in Fig. 
44. A low-loss circular-cylinder cavity is shown in Fig. 444, and the 
use of two loops in a two-entry coaxial-line resonator is represented in 
Iig.44B. Observe that each of the loops in the examples is linked by the 
magnetic flux of the natural mode of interest. Because of these flux link- 
ages, a voltage is generated in the loop by the cavity oscillations, and the 
loop couples to the mode. 
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Consider first a one-entry resonator employing a couphng loop. An 
equivalent circuit is shown in Fig. 45. In this circuit, dis the distance 
from an arbitrary reference plane (A. in lig. 4421) to the mner surface 
of the eavity wall, and the lumped-parameter network represents the 
Impedance at the input terminals (BC in Fig. 44.4) of the loop. Tlns 
impedanee may be thought of as a series combination of the low-frequency 
inductance of the loop and a parallel resonant circuit that represents 
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Kia. 44. Cutaway views of cavity resonators with coupling loops. 


the effect of the voltage induced by the magnetic field of the cavity 
oscillations. 

The form of the equivalent circuit in Fig. 45 depends upon the relation 
of the open-circuit and short-circuit natural frequencies of the cavity and 
coupling-loop combination. If the terminals of the loop are short- 
circuited by a metallic disk at the cavity end of the coaxial line, a natural 
frequency slightly higher than fo (the natural frequency of the cavity 
without coupling loop) is obtained. d +} 
The short-circuited coupling loop 1s 
similar toa short-circuited turn on an 
inductance coil; current in the loop 
almost completely prevents magnetic 
flux from linking theloop. Therefore Ay 
the loop. like the tuning screw and Kie. 45. Equivalent circuit of one-entry 
paddle of Art. 5, reduces the region resonator employing coupling loop. 
occupied by magnetic flux. The effect is analogous to a reduction of 
inductance in a lumped-parameter circuit and results in an mcrease of 





frequency. 

If the terminals of the loop are open-circuited—the open circuit may 
be provided by a short circuit in the input line at a distance of a quarter 
wave from the loop—the natural frequency obtained ts slightly less than 
fo. The magnetic-field pattern of the cavity is essentially unchanged by 
the open-circuited loop, but a local electric field is produced by the voltage 
between loop terminals. The additional electric field is analogous to a 
small added capacitor in a lumped-parameter circuit. and results in a 
decrease of the resonant frequency. 
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Because the short-circuit natural frequency is greater than the open- 
circuit natural frequency, and because the effect of the loop on the natural 
frequencies is very small, the input-impedance curve for the loop has a 
closely spaced peak-dip pair, the dip occurring at a higher frequency than 
the peak. As explained in Art. 7, an equivalent circuit with coupling 
inductance is required to represent such an impedance curve, and the 
general form of the circuit of Fig. 45 is justified. Note that, as may be 
expected, the coupling loop, like the transformers used at lower fre- 
quencies (see Arts. 7 and 9), introduces inductive coupling reactance. 
lor some resonators, the analogy between the coupling loop and a trans- 
former is very close; for others, a secondary winding to be associated with 
the loop considered as a primary winding is far from evident. 

The parameter d in Fig. 45 has already been defined. The other 
parameters may be determined by the same methods employed for 
lumped-parameter and transmission-line resonators. As explained in 
Art. 7, the coupling inductance L, is approximately the low-frequency 
inductance of the loop. The resonant-circuit parameters depend upon 
the resonant frequency, quality factor, and stored energy of the open- 
circuit natural mode. Because of the very small effect of the loop upon 
the cavity, little error is incurred by employing the quantities fo, Q, IW, 
and #,, which apply to the cavity without the coupling loop. The 
quantity 3C,, is the peak value of the magnetic-field intensity at the loca- 
tion of the loop when the stored energy of the oscillation is IV”. For a 
small loop, 3C,, may be considered uniform over the area of the loop, and 
thus the flux linking a loop of area A is 


®, = wsl,A cos 6 sin wl 


where @ is the angle between the direction of the magnetic flux and a per- 
pendicular to the plane of the loop. The voltage induced in the loop is 
the derivative of 6 with respect to time and has the peak value 


En = wu5l,,A cos 6 (45) 


From the values of fo and Q and the relation of LE, to W, the resonant- 
circuit parameters may be found as explained in Art. 6. If desired, the 
circuit of Fig. 45 may be sunplified by changing the coupling inductance 
into an equivalent length of transmission line (see Art. 10). Often the 
associated changes of impedance level and resonant frequency of the 
resonant circuit are unimportant. 

Coupling loops are often made adjustable so that the impedance level 
of the resonator and loaded Q of the ovér-all system can bechanged. The 
adjustment can be made either by partly withdrawing the loop from the 
cavity, so that the area A in liq. 45 is changed, or by rotating the loop 
so that the angle @ is altered. 
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Hf loop coupling is used at each entry of a two-entry resonator, the 
equivalent cireuit takes the form of Fig. 46. Induectanees L.; and flrs 
represent the coupling inductances determined at each entry, and d; and 
ds are the lengths of the input and output lines measured to the reference 
plane of each poimt of entry. For the mode of interest, the voltage 
induced in one loop is proportional to n3IC),1-4, Cos 0,, and in the other loop 
(0 pd» 212 Cos 62, Where the symbols have the same meaning as for the one- 
entry resonator, numerical subseripts denoting the entry. The trans- 
former ratio in the equivalent circuit is thus 
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In order to determine a for a resonator, it is necessary to know only the 
sizes and orientations of the loops and the intensities of the magnetic 
fields at the loop for the mode of interest. In a symmetrical resonator 
hke that of lig. 445. 35¢,,. = 5,2 and a depends only upon loop geometry. 





hie. 46. Equivalent circuit of two-entry resonator employing coupling loops. 


15. Wavemeters. Specially designed, tunable cavity resonators called 
wavemeters are used for the measurement of wavelength and frequency of 
uhf and microwave signals. Wavemeter resonators are usually connected 
by coupling loops to coaxial lines, and thus they are of interest as applica- 
tions of the principles developed in the preceding articles. 

Cavity-resonator wavemeters may be of either the one-entry or the 
two-entry type, depending upon the number of coaxial lines coupled to 
the resonator. The operation of a cne-entry wavemeter depends upon a 
sharp variation of the input impedance that occurs as the cavity is tuned 
through resonance. ‘The impedance variation is indicated by a corre- 
sponding variation of input voltage, and the tuning control is usually 
adjusted to the point of mznamawm input voltage. The two-entry wave- 
meter depends upon the variation with tuning of the amount of signal 
transferred from the input to the output circuit. The output signal 1s 
appreciable only if the resonant frequency of the wavemeter is near the 
signal frequency. ‘The tuning control is adjusted for maximum output 
voltage. The one-entry wavemeter is often referred to as an absorption- 
type wavemeter, and the two-entry wavemeter is called a transmission- 
type wavemeter. 


e 
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Either type of wavemeter may be used in two ways—either one or two 
settings of the tuning control may be made in a determination of wave- 
length. The one-setting method can be used only if an accurate calibra- 
tion of the wavemeter has been made previously. The tuning control is 
adjusted for minimum input voltage (or maximum output voltage), and 
wavelength or frequency is read directly from tuning-control dial calibra- 
tions or determined by reference to a calibration chart. The need for 
previous calibration can be avoided, if the resonator 1s of the coanial-line 
form, by use of the two-setting method. Successive positions of mini- 
mum or maximum voltage occur for half-wave changes in the line length. 
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ric. 47. One-entry couxial-line wavemeter. 


Thus wavelength can be calculated from the difference in the line lengths 
corresponding to two settings of the tuning control. 

One-entry Wavemeter. Figure 47A shows the essential features of a one- 
entry coaxial-line wavemeter. <A sinusoidal voltage of unknown fre- 
quency 1s applied to the input line, and the movable plunger is adjusted 
until a minimum voltage is obtained at the plane AA in the input line. 
The voltage-indicating device at AA is not shown in the figure, but 1t may 
consist of a crystal rectifier (see Art. 18, Chap. XII) used with a d-c 
meter. The input impedance at AA, and consequently the voltage 
observed, is essentially independent: of the position of the adjustable 
plunger, except that a wide variation is obtained as the plunger passes 
ea looea that make do in Fig. 47A approximate a multiple of a 


Aa. 15] WAVEMETERS . 679 


The manner in which the voltage and input impedance vary as a func- 
tion of do may be determined from the equivalent cireuit in Pig. 478. 
This circuit is obtained from Fig. 45 if the coupling inductance L, 1s 
replaced by an equivalent length of transmission hne, appropriate 
modifications of the resonant-circuit parameters being made. Distance 
din Fig. 47B is the sum of the length of the line section that replaces L, 
and the distanee between plane AA and the inner wall of the wavemeter 
in Fig. 47.4. Elements 1 and C resonate approximately, but not exactly, 
at a frequency for which do is a multiple of a half wavelength. 

The curves of Fig. 47C describe the variations of |Z|, the magnitude of 
the input impedance of the circuit of Fig. 472. These curves are similar 
to those drawn in Fig. 323B, p. 659, except that the impedance is plotted 
fora fixed frequeney and variable line length rather than vice versa. For 
example, if d is less than a quarter wave, as in the left-hand part of Mg. 
47C, most values of do give rise to a value of [Z| corresponding to Va, the 
reactance of a short-circuited line less than a quarter-wave in length. 
Only for values of do approximating a multiple of 4/2 is the mput line 
terminated in an impedance appreciably different from a short circuit. 
If do is slightly less than \/2, an open-circuit mode corresponding to 
resonance of L and C with the eapacitance of the input line occurs. — If do 
is slightly more than X 2. a short-circuit mode corresponding to resonance 
of L and C with the inductance of the input hne oceurs. Thus the peak- 
dip pair in the |Z| curve is obtained, as shown. Ford = 4/4, |Z| has the 
high value corresponding to the input impedance of a shorted-end quarter- 
wave line excent for the dips at the half-wave values of do, and for 
d = 2, |/Z| has a low value except for sharp peaks at the half-wave 
points. 

The curves of Fig. 47C indicate that, if the wavemeter is to be adjusted 
for minimum input impedance, the most desirable value of d 1s a quarter 
wavelength. In wavemeters intended for two-setting operation, d 1s 
often made adjustable so that it can be set correctly for the band of fre- 
quencies in which the wavemeter is to be employed. Changing the value 
of d does not impair the accuracy of the results, provided the same value 
of d is used for both settings in a particular measurement of wavelength. 
For single-setting wavemeters, however, d must be fixed. Otherwise the 
calibration of the wavemeter would be changed, because the frequency at 
which the minimum impedance occurs depends slightly upon the value of 
d. Use of the single-reading wavemeter is therefore limited to a rela- 
tively narrow frequency band in which d is sufficiently close to a quarter 
wavelength to provide a prominent drip in the [Z| curve. 

For precise measurement of wavelength, the loaded Q of the system 
should be as high as possible in order that the dips may be very sharp. 
As explained in Art. 14, the loaded Q may be varied by changing the s1Ze 
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of the coupling loop and its orientation with respect to the magnetic field. 
Designing the loop for small flux linkage yields a low-impedance resonant 
system and consequently a high loaded Q. The flux linkage cannot be 
made too small, however, because for extremely small flux linkages the 
dips are of very low amplitude and difficult to locate. Final loop size 
therefore represents a compromise between ease of operation and pre- 
cision of measurement. 

Because of the variations of the resonator input rmpedance that occur 
as the short-circuiting plunger is adjusted, the impedance presented to 
the source at the input terminals of the coaxial line also varies over a wide 
range. ‘These variations may cause the source frequency to shift as the 
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(C) EQUIVALENT CIRCUIT AT RESONANCE 
Pie. 48. Two-entry coaxial-line wavemcter. 


wavemeter is tuned. To avoid such an effect, it is customary to intro- 
duce attenuation between the source and wavemeter. The attenuation 
may be in the form of a high-loss connecting cable or an attenuator that 
presents to the lines at cach end of the attenuator a resistance equal to 
their characteristic resistance. Either method prevents any appreciable 
portion of a wave reflected at the wavemeter from reaching the source and 
makes it possible to consider that the wavemeter is eonnected to a source 
of internal impedance equal to the characteristic resistance of the line. 
The voltage at plane AA in Ing. 47A therefore varies in approximately 
the same manner as the impedance at the same plane. 

Pwo-entry Wavemeter. A sectional sketch of a coanxial-line form of tiwo- 
entry wavemeter appears in Fig. 484. A signal of unknown frequency is 
applied to the input line, and thesmovable plunger in the resonator is 
adjusted until a maximum voltage is obtained at the load. The wave- 
length or frequency of the signal may be determined from the setting 
obtained if the resonator has been calibrated previously. Alternatively, 
two settings may be made and the wavelength calculated from the differ- 
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ence in line lengths obtamed. ‘To prevent reaction of the wavemeter on 
the souree, a high-loss imput line or an attenuator in the input circuit 1s 
required as with the one-entry wavemceter. 

Details of the operation of a two-entry wavemeter may be explamed in 
terms of the equivalent circuit of ie. 488, which is obtamed in the same 
manner as that of Fig. 478. To > resonant frequeney of the R-L-C cireuit 
is very near one of the frequencies for which dois a multiple of a half wave- 
length, and the ideal-transformer ratios depend upon the flux linkages of 
the input and output coupling loops, as explained in Art. 4. Because 
the loops are small, the loaded Q of the system is high, the tuned circuit 1s 
effectively a short circuit exeept at frequencies near resonance, and 
appreciable power reaches the load only when the wavemeter is tuned to 
resonance. 

The coupling loops must be small in order that the tuned circuit: may 
be an effeetive short cireuit at frequencies very close to resonance and 
thus provide sharp tuning of the wavemeter. However, if the loops are 
made too small, the tuned circuit is very nearly a short circuit even at 
resonance and the load voltage may become too small to detect. The 
choice of the loop size is therefore a compromise between the requirements 
of selectivity and ease of detecting the output. 

Not only ean both coupling loops be made large or both small, as 
assumed in the preceding paragraph, but also one loop may be made 
large or small relative to the other. Assume, for simplicity, that the 
load is a resistance equal to Rx, the characteristic resistance of the output 
line, and that the input line is connected to a source of internal impedance 
equal to R.:, the characteristic resistance of the input ine. The equiv- 
alent circuit at resonance then takes the form indicated in Fig. 48C. If 
the conductance of & is ignored, maximum power is delivered to 2 when 
the loops are adjusted so that (a2/a1)?Re2 1s equal to Me. (See the mani- 
mum-power condition in Art. 13, Chap. VI.) If Ra = Ae, the flux 
linkages of the two loops should be equal. 

The coanxial-line form of wavemeter resonator illustrated in Fig. 48 15, 
of course, required if measurements are to be made by the two-setting 
procedure. On the other hand, other forms of cavities may be employed 
‘f 9 onlibration curve and the one-setting procedure are used. Particu- 
larly useful for microwave measurements is the circular-cylinder cavity 
operated in a low-loss T£o.1,, mode. Because of its very high Q, 1t 1s very 
sharply selective and can be made to show as separate response peaks the 
output signals arising from relatively closely spaced Iourier components 
of complex waveforms. When used in this manner with a complex wave- 
form, a wavemeter is called a spectrum analyzer, and the ability to separate 
wave components closely spaced in frequency 1s called resolving power. 

The possibility of use with a complex-waveform is a special advantage 
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of the two-entry wavemeter. A one-entry wavemeter is useful only with 
essentially sinusoidal input waves—the large off-resonance response 
obtained from one component of a complex wave would obscure the 
minimum in the response produced by another component. If the Input 
wave Is smusoidal, however, the one-entry resonator has an advantage in 
convenience because the off-resonance response gives indication that the 
equipment 1s functioning. 

16. Coupling Probes. An alternate to the coupling loop that is par- 
ticularly useful if the coaxial-line center conductor must be insulated 
from the resonator wall for low-frequency signals is the coupling probe. 
Unhke the loop, the probe does not provide mechanical support for the 
end of the center conductor, and an insulating bead may be required at. 
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(A) SECTIONAL DIAGRAM (8) EQUIVALENT CIRCUIT 
Fie. 49. Coaxial-line resonator with probe coupling. 


the entrance to the cavity. One example of a probe in a cavity resonator 
is sketched in Fig. 38C, p. 668. The probe in this figure is simply an 
extension of the center conductor of the coaxial line. Such a probe is 
frequently employed, but often, also, the end of the probe is enlarged: for 
example, a disk may be affixed to the end of the probe as in Fig. 49A. 

The equivalent circuit for a resonator with a coupling probe may be 
obtamed by the same general method employed with the coupling loop. 
With a short circuit at the cavity end of the coaxial line, the resonant 
frequency of the probe and cavity is somewhat less than the natural fre- 
quency of the cavity. This shift of frequency is apparent for the reso- 
nator of Fig. 494A, because the probe constitutes a capacitance at the end 
of the resonator line. When the probe terminals are open-circuited, the 
reduction of the resonant f requency caused by the probe is decreased ; the 
open-circuited probe may be considered equivalent to two capacitors in 
series. Thus the short-circuit resonance occurs at a lower frequency than 
the open-circuit resonance, and the peak-dip pair in the input-impedance 
curve 1s represented by an equivalent circuit with coupling capacitance, 
as in Fig. 492. 

The coupling capacitance, C. in Fig. 49B, is approximated by the low- 
frequency capacitance between the probe and the resonator conductor. 
The other parameters in Iie. 49B can be calculated by the methods of 


Ant. 16] COUPLING PROBES 683 


~» 


Art. 6, provided the frequency, Q, and relation of probe voltage to stored 
energy for the open-cireuit mode are known. The method of determining 
the probe voltage fora given stored energy can be explained by means of a 
ditferent and more detailed derivation of the equivalent circuit, for the 
resonator of lig. 49.4. 

This second derivation makes use of Fig. 50. In Vig. 50.4 1s shown the 
resonator of Fig. 49-44 with the input line removed but with the disk from 
the end of the probe still in place. The disk has little effect upon the 
field configuration in the eavity because it is thin in the direction parallel 
to the electric-field lines. The section of the resonator to the mght of 
plane BB can therefore be represented, as in Mig. 504, by the hne section 
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(C) EQUIVALENT CIRCUIT OF FIG. 494 
Fic. 50. Resonator and equivalent circuits used in explanation of probe coupling. 


of length d;. As indicated in the figure, the part of the resonator to the 
left of BB is equivalent to a network of three capacitances: Cy represent- 
ing the capacitance between center conductor and outer wall, Ci repre- 
senting the capacitance between center conductor and disk, and C, 
representing the capacitance between disk and outer conductor. As 
explained in Art. 13, an impedance located between the disk and the outer 
conductor would appear in parallel with C. in the equivalent circuit. 
The input line of Fig. 49A provides a means of making such a connection, 
and thus the complete equivalent circuit of Fig. 50C 1s obtained. ‘The 
inductance corresponding to Ly in Fig. 425, p. 672, 1s omitted because the 
length of probes is ordinarily very short. On the other hand, the capaci- 
tance between the probe rod and the outer wall, which may be comparable 
to Co, is represented by C in Fig. 50C. 

The close resemblance of the resonator and equivalent circuit of Figs. 
494 and 50C to the resonator and equivalent circuit of Fig. 31, p. 657, 
representing capacitive coupling to a parallel-wire line should be noted. 
The circuit of Fig. 50C can be reduced to the one in Vig. 498 by the same 
methods employed in connection with J*ig. 31. 
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The probe voltage corresponding to a given stored energy can be 
‘calculated from Fig. 504, provided the characteristic resistance of the line 
und the values of the capacitances in the figure are known. Were it not 
for capacitor C, the probe voltage would be equal to the voltage between 
the disk and the outer conductor in Fig. 50A. Thus a first approxima- 
tion to the probe voltage is &s, where & is the clectric-field intensity 
(measured with the probe removed) in the region occupied by the probe 
fora given stored energy and s is the distance indicated in Fie. 504A. The 
probe Is assumed to be short, so that & may be considered uniform over 
the probe length. 

Corresponding to the general principle that the open-circuit voltage of 
2 coupling loop is the voltage induced by the magnetic flux linking the 
loop ts the following principle for a probe: The open-circuit voltage of a 
probe ts equal to the voltage &s,,, short-circuited by the probe, seq being 
the effective probe length. he value of s.4; varies in relation to the over-all 
probe length s because of the effect of capacitance C in Pig. 50C. Fora 
probe with a large terminating disk, s.¢ is only shghtly less than s; for a 
probe that is a straight extension of the coanial-line center CONnGMEtOr es, 
1s of the order of half the total probe length. 

The ratio of 8. to s is related to the current distribution in the probe. 
When a large terminating disk is used, the current is essentially uniform 
throughout the probe length and equal to the current received by the 
probe from the coaxial line. If the disk is omitted, the current decreases 
to zero at the tip of the probe because of the distribution of capacitance 
along the probe length. Thus the end of the probe is not fully effeetive in 
coupling the probe to the resonator, and the effective probe length ts 
reduced. . 

The advantage of the effective-length concept is that it applies not 
only to the particular resonator of Hig. 49.4 but to a probe in any cavity 
resonator. For example, if a probe penetrates a rectangular-waveguide 
cavity in the direction of the clectric-field lines, the capacitances in Fig. 
d0C are not easily specified. Nevertheless, an equivalent circuit like Hig. 
495 can be obtained, the impedance level being calculated from the rela- 
tion of Ss. to the stored enerey. 

he probe, like the loop, provides a simple means of adjusting the 
loaded Q of the resonator-line system. Increasing the penetration of the 
probe mcreases the effective length and (like an increase of the area of a 
loop) increases the coupling and decreases the loaded Q. Usually a probe 
is inserted in a direction parallel to the electric-field lines of the mode of 
interest. Should the probe be inchned at an angle @ to the field, the 
probe voltage is reduced to ESS. ees 0. 

17. Waveguide-to-coaxial-line Junctions. As explained in Art. Ve 
cavity resonators may be connected to \ ‘aveguides by means of an inter- 
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mediate seetion of coaxtal line. A direet Junetion, a loop, ora probe may 
serve to couple the resonator to the line, and the line-to-guide Junetion 
may also be based on any of these three coupling devices. 

Figure 51-4 shows one form of a junetion-type connection between a 
coaxial line and a rectangular waveguide. The guide, if operated so that 
only TEy.o Waves are propagated, may be considered analogous to a 
parallel-strip transmission line (see Art. 7, Chap. VIEL), and the junction 
may be regarded as an impedance shunting the guide. The nature of 
the shunt impedanee may be determined by the same method employed 
with the eoaxtal-line T junction (see Art. 13). Assume that the two 
coaxial lines in Fig. 514 are temporarily short-circuited at the top and 
bottom walls of the guide by metallic pgs. The conductor extending 
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Fig. 51. Junction coupling between waveguide and coaxial line. 


through the guide is then an inductive post (Art. 14, Chap. VIIL) and may 
be represented in an equivalent circuit by an inductance Li. Removmeg 
the short-cireuiting plugs places the two lines in series with this induct- 
ance. and thus the circuit of Fig. 51B is obtained. In this circuit, X; 
represents the input reactance of the short-circuited guide section of 
length d; and XY, represents the input reactance of the short-circuited line 
section of length d;. Adjusting the plungers in Fig. 514A changes the 
distances d, and d, and alters the values of the reactances Nn ee 

In Art. 13 of Chap. VIII, a waveguide is represented in an equivalent 
circuit by a transmission line of characteristic resistance equal to the 
characteristic wave impedance of the guide and of the same electrical 
length as the guide. In Fig. 51B, the length dy’ is made less than the 
length d; of the guide itself in order that the electrical lengths may be 
equal, but the characteristic resistance /t,; of the line representing the 
cuide is different from Z,. The change 1s necessary because transmission- 
line symbols for both the guide and the coaxial line appear in the same 
equivalent circuit. The characteristic resistance /2 of the coaxial hne 
refers to a voltage-current ratio. The characteristic resistance Ry must 
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also refer to a voltage-current ratio (not to the ratio of & to % indicated 
by Z.) in order for the circuit to be self-consistent. 

The value 2(b/a)Z, indicated for R.; in Fig. 518 may be obtained in the 
following manner: Suppose that distance d3is a quarter guide wavelength, 
so that VY, becomes the reactance of an open circuit, and suppose that the 
adjustment of d, yields series resonance of Vy and the reactance of Ly. 
Figure 51B then indicates a direct connection between the waveguide and 
the coaxial line. By proper choice of the coaxial-line dimensions, the line 
can be made to match the guide, so that a wave may travel from the guide 
into the line with no reflection at the junction. The value of A.» that 
yields a match when d; and d, are adjusted in this way is then the value 
to be used as F<. 

Let &, be the peak value of the electric-field intensity at the center of 
the guide for a wave entering the guide from the left in Fig. 514. The 
voltage from top to bottom of the waveguide along the center line 1s 
End, and this is the voltage applied to the shunt element at the Junction. 
Under the conditions assumed, X4 and the reactance of L; are in reso- 
nance, and the voltage &,,b is applied to the coaxial me. If no reflections 
occur, the power carried to the junction by the wave in the guide is equal 
to the power carried away by the wave in the hne. Because F,; 1s equal 
to the value of A. in this matched condition, the power in the line 1s 
19(6,b)?/Ra. As shown in Art. 9, Chap. VIII, the power in the guide is 
W4E,,"ab/Z.. Thereiore 
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aus indicated n Fig. 5156. This value of R.; should be thought of, not asa 
property of the guide itself, but as a property of the guide with the par- 
ticular coupling device in ig. 51. A coamial line having this value of 
characteristic resistance 1s perfectly matched to the guide by this Junction 
(for the values of d; and dy assumed) for signals that traverse the junction 
in either direction. 

The adjustments of d3; and ds assumed in the above discussion are not 
the most useful adjustments for practical purposes. ‘The value of Z, 1s, 
by Iq. 67 of Chap. VILI, p. 598, Z:/+/1 — (o/d.o)?. The value of Z; is 
377 ohms, and under normal operating conditions the value of Xo/XAco 18 
about 2g. Thus, by Eq. 46, the value of R., for a guide for which 
b/a = 4 1s approximately~ 


ee 2 x OTe 225) = 500 ohms 
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Normal ecoaxial-lne dimensions yield values of R..2 of 50 to 70 ohms, and 
therefore a considerable mismatch results if the plunger adjustments 
assumed above are made. 

If the junction is part of a eavity-resonator system, this mismatch is 
not important. As long as the junction provides some couphng between 
waveeulde and Ime, and provided the line couples to a resonator, the 
entire svstem ean be represented by a parallel R-L-C circuit at some 
reference plane in the waveguide (see Art. 10). Only one adjustable ele- 
ment is required to control the loaded Q of the system, and either of the 
plungers in the guide-to-hne Junction or an adjustable element at the 
line-to-cavity Junetion can be used to control Q:. 

On the other hand, mismatch is important if a junction of this kind 1s 
employed in a transmission system. If power flows from guide to Ine, an 
impedance-changing device at the load is adjusted to make the coaxial 
line flat, and the plungers at the Junction are adjusted to climinate stand- 
ing waves in the guide. Suppose, for example, that Re. Tig. 518 1s 500 
ohms and R,»2 is 50 ohms, and let N be the reactance of X4 and £;1n series. 
The impedance connected across the waveguide is then Roo + 9X, 
and the conductanee component of the corresponding admittance 1s 
Reo (Reo? + NX*). The suseceptance component of this admittance can 
be canecled by proper adjustment of N3, and the hne representing 
the waveguide in Fig. 51B is then terminated in a resistance of value 
(Reo? + N2)/Reo. For Rez = 50 ohms, the desired value of 500 ohms 
terminating the waveguide can be obtained if 4 is adjusted so that the 
magnitude of Vis 150 ohms. 

Because large values of series reactance and shunt susceptance are 
required to produce an impedance match in this way, the performance of 
this junction is very sensitive to frequency, and the match is maimtained 
over only a narrow frequency band. Several other types of junctions are 
available for use where greater bandwidth is required. One of these, 
illustrated in Fig. 52A, is based upon the coupling probe and provides 
sufficient bandwidth for most radar applications. 

As explained in Art. 16, the probe may be thought of as a capacitor 
voltage divider across the waveguide, the center conductor of the coaxial 
line being connected to the tap point of the divider. If &, 1s the peak 
electric-field intensity at the center of the guide and 8,4, is the effective 
leneth of the probe, then &,,b 1s the voltage across the entire divider 
and Sm; is the voltage applied to the coaxial line. ‘The voltage divider 
can therefore be replaced by an ideal transformer with shunt and serles 
capacitance, the ratio of the transformer being Se/b (Art. 20, Chap. I). 
Figure 52B results when this entire circuit is referred to the coaxial-lme 
side of the transformer. The series capacitance is C., the shunt capaci- 
tance combines in parallel with the reactance of the waveguide section of 
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length d; to form reactance X3, and the value indicated for R., isobtained 
through multiplying the value 2(b/a)Z, (applicable for a connection com- 
pletely across the guide) by s.42/b2, the square of the transformer ratio. 

An impedance match is obtained at this junction if the probe penetra- 
tion is adjusted so that 1/?., is equal to the conductance component of 
the admittance of R.2 and C, in series, and the waveguide plunger is 
adjusted so that 1/3; cancels the susceptance component of this admit- 
tance. If the reactance of C. is small relative to /2,», the series reactance 
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Fig. 52. Waveguide-to-coaxial-line Junction employing probe coupling. 


and shunt susceptance introduced by these adjustments are relatively 
small, and much greater bandwidths are obtainable with this Junction 
than with the junction of Fig. 514. 

Suppose that to the end of the probe in Fig. 52A is attached a short rod 
extendmeg parallel to the a dimension of the guide. Such a rod, like the 
terminating disk considered in Art. 16, increases the capacitance C, and 
‘auses the effective probe length s.. to approach the actual length s. If 
the length of the transverse rod is increased until the ends of the rod 
touch the side walls of the guide, a third type of guide-to-line junction 
Gllustrated in Fig. 534) is obtained. In the equivalent circuit (Fig. 53B), 
capacitance C, is omitted because it is short-circuited when the transverse 
rod touches the guide walls, and inductance L, is introduced to represent 
the inductance of the probe and rod. In the relation for R.4, the distance 
¢ (defined in Fig. 53.4) replaces the effective length s.¢ of the probe of 
Mie 2. 

Adjustment of the junction of lig. 534 for an impedance match is the 
same as that of the probe junction, except that distance d must be deter- 
mined correctly when the device is made and cannot conveniently be 
adjusted thereafter. Distance d i$ chosen so that 1/F., 1s equal to the 
conductance component of the admittance of Re» m series with L;, and 
the plunger is set so that 1/3; cancels the susceptance of this admittance. 
The series reactance and shunt susceptance thus introduced are not large, 
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and the bandwidth obtained is adequate for most radar applications. 

The junetion of Fig. 5344 may be thought of from an alternate point of 
view asa form of loop coupling. Each half of the transverse rod together 
with a return path in the guide walls forms a loop, and these two loops 
are connected in parallel to the coaxial line. From this point of view, the 
junction of Fig. 5LA4 (with dy set equal to zero) 1s also an example of loop 
coupling. Beeause each of the two loops for Pig. ott 1s linked by the 
entire magnetic flux between the center conductor and one side of the 
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Pic. 53. A third form of waveguide-to-coaxial-line junction. 


waveguide, a high voltage is applied to the coaxtal line. Therefore, the 
impedance of the waveguide cireut to which the coaxial line connects 1s 
undesirably high, as explained in the discussion of Fig. ol. The arrange- 
ment of Fig. 534 reduces the flux linkage and permits making /?.; com- 
parable to R.». An alternate procedure for securing the same result 1s to 
move the coaxial line of Fig. 514 from the center toward one side of the 
guide. 

The junctions discussed in this article are only three of a considerable 
variety of waveguide-to-coaxial-line junctions that have been developed. ' 
Some of these provide special advantages of high power capacity or 
exceptionally great bandwidth. 

18. Aperture Coupling. Apertures, such as those illustrated in Fig. 39, 
p. 669, are commonly used to connect either coaxial lines or waveguides 
to cavity resonators, especially where adjustable coupling is not required. 
Apertures are physically simple, but enlculation of their performance 
characteristics is often difficult. 

A waveguide-and-cavity system particularly useful in an explanation 
of aperture coupling is shown in Fig. 544. The rectangular guide Is 
assumed to transmit 7’E,.9 waves only, and the 7'£4,9.1 mode (z axis along 
the length of the guide) is considered in the cavity. Coupling is provided 
bv an aperture in the metallic plate between euide and cavity. This sys- 


1 See, for example, Georce L. RaGan, Alicroware Transmission Circuits, 3382-3839 
(McGraw-Hill Book Company, Inc., New York, 19-48). 
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tem is of special interest because 1t may be thought of as a continuous 
waveguide closed at one end and containing an iis at point P. 

An equivalent circuit for Fig. 544 1s drawn in Fig. 54B. In this cir- 
cult, losses are ignored, and transmission lines A and B represent the two 
guide sections. The electrical lengths of the lines are equal to the elec- 
trical lengths of the corresponding guide sections, and the half-wave 
mode of line B corresponds to the T,,o.; mode of the cavity. Reactance 
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Ite. 54. Rectangular waveguide and cavity with aperture coupling. 
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Fic. 55. Equivalent circuits for Pig. 544 for three aperture shapes. 


A; represents the iris and has a value that depends upon the size and 
shape of the aperture. 

If a capacitive iris is employed, the equivalent circuit takes the form 
indicated im Fig. 554. If the operating frequency is well above the 
cutoff frequency of the 7H, 9 waves, the capacitive reactance V, is very 
nearly inversely proportional to frequency (see Eq. 70 of Chap. VIII, 
p. 606), and representation of the iris by capacitance Cis correct. The 
series L-C circuit represents line B and resonates at the natural frequency 
of the TF1.01 mode. ae 

Similar equivalent circuits applicable when an inductive iris or a 
resonant iris is employed are drawn in Figs. 55B and C. If the resonant 
frequency of the iris of hig. 55C is equal to the natural frequency of the 
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cavity, the vis is equivalent within a limited frequeney band to a com- 
pletely open guide. Near the resonant frequency, the admittance of 
L; and C; 10 parallel is neghgible relative to that of L and C in series. 
The equivalent eciveuits of Fig. 55 indieate that a capacitive iris @ives 
rise, as may be expected, to a capacitive coupling reactance for the 
resonator that terminates line wt. Similarly, the inductive iris gives rise 
to an inductive coupling reactance. The cireuits show also that the 
loaded Q decreases (the coupling is inereased) as the aperture is opened, 
beeause opening the aperture increases the reactance of C; or L;. Note, 
however, that the shape as well as the size of the aperture has an impor- 
tant effeet upon the amount of coupling provided. For example, a 
resonant aperture of relatively small open area may provide the same 
coupling as a fully open mductive ov eapacitive vis. Also, a capacitive 
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Kic. 56. Interruption of cavity-wall current by aperture. 


iris of small opening provides much more coupling than does an inductive 
iris of equal open area. ‘This fact may be shown by calculations based 
upon Eqs. 70 and 71 of Chap. VIII, p. 606, and upon the equivalent 
circuits of Fig. 55. If the open area of each ims is one tenth the cross- 
sectional area of the guide, the loaded Q for the inductive iris is approxti- 
mately 400 times that obtained with the capacitive iris. 

Thus far the particular waveguide-cavity system pictured in Fig. 544 
has been discussed. The principles developed may be applied to aper- 
tures in general. Assume that an aperture is to be cut in the cavity wall 
illustrated in Fig. 564. Natural-mode oscillations in the cavity give 
rise to a magnetic field of intensity 3C, and current flows in the wall in a 
direction perpendicular to the magnetic field as indicated. 

Cutting the aperture in the wall interrupts a portion of this current, and 
the interrupted current may be considered to flow through an impedance 
formed by the aperture. If the aperture 1s rectangular and of width w 
in the direction of 5C, asin Fig. 564, the interrupted current J is equal to 
3scw (see Eq. 3 of Chap. VIII, p. 549). Part of this current flows as a dis- 
placement current in the capacitance between top and bottom edges 


692 RESONANT LINES AND CAVITIES [(Cuap. IX 


of the aperture, and the remaining part follows a path through the metal 
around the aperture. Thus in the equivalent circuit of the aperture 
(Fig. 56C), the interrupted current J divides between C., the capacitance 
between top and bottom edges of the aperture, and L., the inductance 
of the path around the aperture. <An electrie field 1s associated with the 
displacement current through C., and the perpendicular relation between 
the electric and magnetic fields in the aperture gives rise to a Poynting 
vector directed through the aperture. Thus power is transferred through 
the aperture. 

The equivalent circuit of Fig. 56C is helpful in an explanation of the 
effect of aperture dimensions upon the amount of coupling provided by 
the aperture. Consider a cavity coupled by an aperture to a coaxial 
line or waveguide, and assume a matched load at the end of the line or 
eulde. For natural-mode oscillations in the cavity of angular frequency 
wo and stored energy W’, let P be the power loss in the cavity and let 
P, be the power that flows through the aperture and along the line or 
guide to the load. By Eq. 6, p. 618, and Art. 10, the loaded Q of the 
system is wolV/(P + P,). Therefore any change in the aperture that 
increases P decreases the loaded Q and increases the coupling. 

An increase in P may result from an increase in aperture area or from 
an increase in the density of power flow through the aperture. Therefore, 
the coupling provided by the aperture may be increased either by an 
increase in the size of the aperture or by any change of aperture shape or 
location that increases the product of & and 3 (which is the magnitude 
of the Poynting vector) at points in the aperture. The electric-field 
intensity depends upon the voltage developed across the aperture 
reactance by the interrupted current (see Fig. 56C). The coupling may 
be increased, therefore, by locating the aperture at a position of greater 
magnetic-field intensity, by orienting the aperture with its longest 
dimension parallel to the magnetic field so that a large current is inter- 
rupted, or by adjusting the aperture shape so that the aperture reactance 
is high. Note that the cavity and transmission system associated with 
an aperture, as well as the dimensions of the aperture itself, influence the 
reactance of an aperture. For example, the aperture in the capacitive 
is of Fig. 504 is represented by the capacitance C;. If the a dimension 
of the guide were increased with no change in aperture dimensions, an 
inductance would be required in parallel with C; in the equivalent circuit. 

The above principles may be applied to the aperture-coupled coaxial- 
line system of ig. 3958. A sectional view of the system is drawn in 
Ig. S7A, and equivalent circuits appear in Figs. 57B and C. The outer 
conductor of the input line may be considered joined to the short circuit 
representing the end plate by a parallel L-C circuit comprising the capaci- 
tance between faces of the aperture and the inductance of the portion 
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of the conductor containing the aperture. The outer conductor of the 
resonator hne joins the end plate through this same impedance, and thus 
the equivalent cireurt of lig. 576 is obtained. Inductances L,; and Le 
represent the inductances of the short sections of the center conductors 
not included in distances d; and ds. 

The simphfied equivalent circuit of Fie. 57C is obtained if the reactance 
of the open-end resonator hne is represented by a senes L-C circuit 
resonant at the quarter-wave frequency of the ine. Capacitance Cg 1s 
omitted beeause, for usual aperture shapes, the susceptance of Cy 1s 
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Fic. 57. Aperture coupling in coaxial-line system. 


negligible relative to that of La. The final equivalent circuit of Fig. 97D, 
obtained from Fig. 57C, indicates that the input line is terminated at 
plane A by a resonator with inductive coupling reactance and that the 
loaded Q of the system depends upon /L, and therefore upon the dimen- 
sions of the aperture. 

Sometimes the aperture-coupled coaxial-line system of Fig. 58A 1s 
employed to place a resonator in series with one conductor of a transmis- 
sion line. The system of Fig. 584 may be obtained by substituting a 
coaxial line for the input-line end plate in Fig. 57A. Therefore an 
equivalent circuit for Fig. 58A is obtained by replacing the short circuit 
at the end of the input line in Fig. 578 with a line section. This equiv- 
alent circuit, in simplified form, is shown in Fig. 58B and indicates the 
series relationship of the resonator and the line conductor. In this 
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circuit L, 1s the total coupling inductance, and L’ and C” are obtained by 
referring L + L. + Le and C in Fig. 57D to the primary of the ideal 
transformer. 

A waveguide analogue of the coaxial-line system of Fig. 584 is sketched 
in ig, 594A. The rectangular guide is assumed to propagate only 7T'H4,o 
waves, and the aperture is a rectangle with its long dimension parallel 
to the magnetic field of the cavity and to the transverse component of 


COAXIAL LINE 
— me 





— EO ae 





CE 





COAXIAL-LINE RESONATOR 


(A) LONGITUDINAL SECTION (B) EQUIVALENT CIRCUIT 


Fig. 58. Resonator connected in series with coaxial lines by means of aperture coupling. 


magnetic field in the guide. The transverse-magnetic field is associated 
with the traveling-wave aspect of the guide; thus the aperture may be 
considered to mterrupt the longitudinal current of the traveling wave 
and to give rise to a series element in the transmission-line equivalent 
circuit of Fig. 598. Vhe element values in this circuit have the same 
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Iq. 59. Resonator coupled by aperture to top wall of a waveguide. 


general significance as those in Fig. 58B: inductive coupling reactance is 
indicated because the aperture is assumed to have such a shape that its 
reactance 1s inductive. 

A more common method of couplike a cavity resonator to a waveguide 
is illustrated in Fig. GOA. A resonant cavity adjacent to one side wall 
of the guide is coupled to the euide by a rectangular aperture having its 
long dimension parallel both to the longitudinal component of magnetic 
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field in the guide and to the magnetic field of the cavity. The inter- 
rupted current corresponding to the longitudinal field in the eiuide is the 
transverse current m the guide walls associated with the standine-wave 
aspect of the guide. In its standing-wave aspeet, the TE, mude wave 
comprises a half-wave pattern with zero-voltage points at the side walls. 
Thus the aperture does not affect the guide operation if it Introduces zero 
impedance into the path of the transverse current, but it is equivalent 
toa short cireuit at the guide center if if becomes an open circuit in the 
fransyerse-eurrcent, path. 

This effect of the aperture upon the waveguide is represented in the 
equivalent circuit of Fig. GOB by means of a quarter-wave linc joing 
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Fic. 60. Resonator coupled by aperture to side wall of a waveguide. 


the aperture to the transmission line that represents the guide. The 
aperture lies in the path of current in the resonator wall as well as in the 
path of transverse guide-wall current. Thus the aperture reactance 
Aa in the equivalent circuit connects to the L-C circuit that represents 
the resonator as well as to the quarter-wave line. 

At the resonant frequency fo of L and C, the quarter-wave line is 
terminated in a short circuit and the aperture and resonator have no 
effect upon the guide. At most other frequencies, the terminating 
reactance 1s essentially equal to Y,, which ordinarily is negligible, and 
the effect of the resonator on the guide is again small. At some frequency 
near fo, however, parallel resonance of V, with the reactance of the L-C 
branch occurs. The quarter-wave line is then terminated by an open 
circuit, and the aperture and resonator have the effect of a short circuit 
across the guide. 

In the preceding examples, the coupling provided by an aperture has 
been found to depend upon the magnetic field at the aperture location. 
An aperture in the region of a cavity wall of weak magnetic field provides 
very little coupling even though an intense electric field may terminate 
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upon this portion of the wall. Any coupling that does exist is the result 
of electric-field lines which penetrate the aperture and terminate upon 
an external conductor. Such coupling may be thought of as probe 
coupling made weak by complete withdrawal of the probe (the external 
conductor) from the cavity. 

The smallness of the coupling provided by an aperture that does not 
interrupt lines of current flow is used to advantage in the devices illus- 
trated in Fig. 61. Figure 61A shows the essentials of a slotted section of 
coaxial line, and a similar representation of a slotted section of wave- 
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Fre. 61. Devices containing apertures that provide little coupling. 


guide appears in Fig. 61B. Because the long, narrow slots are parallel 
to the lines of current flow, the interrupted current is neghgible, and little 
power escapes from the slots. A small probe may be located in or near 
the slots and moved along the line or guide to determine the standing- 
Wave pattern in the system (see Art. 18, Chap. XII). The cavity of 
Fig. 61C is typical of the re-entrant cavities used in klvstron oscillators 
(see Chap. AI). The capacitor plates of the resonator are actually 
grid structures that permit the clectron beam to enter and leave the 
cavity. Little of the oscillation energy can escape from the cavity, 
because the magnetic-field intensity in the region of the holes is smalland 
the flow of current 1s parallel to the grid rods shown in the figure. 


Gitar rinia 2 
HIGH-FREQUENCY TRIODE OSCILLATORS 


Pulsed radar systems contain two generators of high-frequency elec- 
trical oscillations. One of these is the transmitting oscillator, which 
provides the powerful high-frequeney pulses needed for echo detection. 
The other is the local oscillator of the superheterodyne receiver. ‘This 
oscillator produces a low-power continuous oscillation of a frequency 
nearly equal to the transmitting frequency. In ubf radar sets, both the 
transmitting and the receiving oscillators employ triode tubes. In 
microwave systems, the transmitting oscillator is usually a magnetron, 
and the receiving oscillator is a klystron. The triode oscillators of uht 
systems are the subject of this chapter; magnetrons and klystrons are 
discussed in Chap. XI. 

1. Ultrahigh-frequency Triodes. If an attempt is made to adjust the 
frequency of a triode oscillator to higher and higher values, a limiting 
frequeney above which oscillation is impossible 1s eventually reached. 
The value of the maximum frequency depends upon the tube and for 
many standard low-frequency tubes is less than 100 Meps. One cause 
of the frequency limit is the existence of minimum values of capacitance 
and inductance in the circuit. To increase frequency, either capacitance 
or inductance may be decreased; but the capacitance cannot be made less 
than the value provided by the interelectrode capacitances of the tube, 
and the inductance is limited to the lead inductances of the tube plus 
the inductance of the shortest possible connection between electrode 
terminals. 

Many tubes deliver progressively less power as the frequency 1s 
increased and finally fail to oscillate at a frequency below the hmit set 
by the minimum attainable values of capacitance and inductance. One 
cause of this effect is the low impedance level of the resonant circuit 
at high frequencies. If the capacitance 1s reduced to its minimum 
value. and if further increase of frequency by decrease of inductance is 
attempted, a decrease of the 4/L/C parameter of the resonant cireut 
results. In consequence the load impedance for the tube becomes 
progressively less and eventually reaches values far too small for efficient 
operation of the tube. A more fundamental cause of the oscillation- 
frequency limit is the increased importance of the transit time of electrons 
1 the tube at high frequencies. Triode oscillators cannot function 
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effictently if the transit time exceeds a small part of the period of oscilla- 
tion, no matter what adjustments of the resonant-circuit elements are 
made. 

Lo be useful as a ubf oscillator, a triode must have a short transit time 
and small interelectrode capacitances. One approach to uhf-triode 
design ts to use the conventional arrangement of electrodes within a olass 
envelope, to decrease the size and spacing of the electrodes, and to employ 
short, heavy, well-separated connecting leads. The connecting-lead 
arrangement contributes to low values of lead inductances, as well as 
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minimizing the interlead capacitances. Examples of this design are 
given in Fig. 1A. The Type 15£ triode is useful in radar transmitters 
operating at about 500 Meps and can supply pulses of about 4-kw peak 
power. ‘The type 955 acorn triode is smaller and can operate at slightly 
higher frequencies, but it is useful only as a local-oscillator tube in 
receivers because of its very limited power output. 

Because of the transit-time and cagacitance requirements, a series of 
tubes of the general type illustrated by Pig. 14 shows a decrease of size 
and power output with increase of frequency rating. This relation of 
size and output to frequency is Important and occurs in any series of 
triodes (or of klystrons or magnetrons—see Chap. XI) of a single design. 
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Any increase of frequeney without loss of power output requires a definite 
design change. Of particular importance for high-frequeney perform- 
anee are plate designs that combine small size with large power-dissipating 
capacity and eathodes that provide high emission-current densities so 
that large currents may be posstble in small tubes. 

The tubes of lig. Eb and C illustrate two designs in which improved 
performance ts obtamed at the cost of increased difficulty of manufacture. 
Both of these designs employ large metal-to-glass seals that require 
special manufaeturmg teehniques. In the tube of lig. 1C, electrode 
spacings are so small that extreme precision mm assembly is required. 

The tube of Fig. 15 1s one of a series of external-anode tubes! some of 
Which operate in the region of 600 Meps and supply peak powers as ereat 
as 200 kw. Vhe plate is a copper tube forming the central part of the 
tube envelope and is surrounded by an assembly of cooling fins over 
Which a blast of aris blown to permit disstpation of large powers. The 
erid is a parallel-rod structure stmilar to the erid visible in the Type 155 
drawing, and the grid and plate are mtended to form a continuation of an 
external erid-anode coaxial line. These tubes are particularly suited to 
plate-return cireuits (Art. 4) in which the plate structure forms part of 
a wall separating the grid-plate mput circuit from the cathode-plate 
output cireult. 

The Type 2C40 disk-seal tube of Fig. 1C 1s ealled a lighthouse tube? 
beeause of its appearance. This tube utilizes a parallel-plane electrode 
structure, shown by the cross section of Fig. 24, in whieh the cathode- 
erid spacing ts only 0.004 in. The 2C40 is useful as a receiver oscillator 
at frequencies as high as 3,000 Meps and as an r-f amplifier at somewhat 
lower frequencies. Another hghthouse tube almost identical in appear- 
ance. the 2C43, can provide short pulses of about 1l-kw peak power at 
frequencies up to 3,000 Meps. Disk-seal tubes are designed to fit into 
the end of a coanial-line tuner (Art. 7) and are particularly adapted to a 
orid-return circuit (Art. 6) im which the grid and gnd rng of the tube 
form part of a wall that separates the cathode-grid input circuit from the 
plate-grid output circuit. 

Disk-seal tubes are made in considerable vanety;? two possibilities m 
addition to the hghthouse tubes are suggested by Figs. 2b and C. In 


1 J. Bevit, M. R. Gavin, E. G. James, and G. W. Warren, ‘“Triodes for Very Short 
Waves—Oscillators,” J./.E.E. Part ITTA, 98 (March—May, 1946), 833-846. 

2K. D. MacArrutr, ‘‘ Disk-seal Tubes,” Electronics, 18 (February, 1945), 98-102. 

3H. W. Jamison and J. R. Wuinnery, ‘Power Amplifiers with Disk-seal Tubes,”’ 
Proc. I.R.E., 34 (July, 1946), 483-489; J. J. Guauser, ‘Radar Vacuum-tube Develop- 
ments,’’ Elec. Comm., 23 (September, 1946), 306-319; R. R. Law, D. G. BURNSIDE, 
R. P. Sroxe, and W. B. WHALLEY, ‘‘Development of Pulse Triodes and Cireuit to 
Give One Megawatt at 600 Megacycles,” RCA Rev., 7 June, 1946), 253-264. 
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Fig. 26 the plate is located at the large end of the tube and equipped 
with a cooling structure. (Cooling of the lighthouse-tube anode is 
dificult, because the anode is located in the center of the coaxial tuner. ) 
A tube structure very similar to Figs 2B. but adapted to higher power, 
makes use of a cylindrical electrode geometry, as shown in Fig. 2C. 
With such tubes, peak pulse powers of the order of 500 kw are possible 
at 600 Meps. 
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A great. variety of different uhf triodes is employed in radar systems, 
but nearly all are variations of the three types of construction exemplified 
by the tubes of Fig. 1. Occasionally two or more triode assembhes, 
together with associated tuning elements, are built nto a single evacuated 
envelope. ! 

The way in which the operation of uhf oseilators 1s impaired by large 
transit time is suggested in a qualitative manner by Arts. 9 and IT of 
Chap. VI. However, the discussions of these articles do not apply im 
detail to oscillators, beeause in Chap. VI only the small-signal operation 
of tubes was considered. In oscillators, high-efficiency Class C operation 
is employed, and plate current flows in pulses of less than a half-cycle 
duration. In a 500-Meps oscillator, for example, the oscillation period 
is 0.002 us and the duration of each pulse of plate current may be only 
0.0005 us. The operation of the tube depends largely upon the relation 
of the transit time to this very brief time of current flow.’ 

Consider first the movement of electrons from cathode to grid. Iuxcept 
during a short fraction of the cycle, the grid voltage is below cutoff and 
the interelectrode space is essentially free of electrons. When the grid 
voltage first rises above cutoff, electrons start from the cathode; and 
if the grid voltage remains above cutoff for a long enough time, the elec- 
trons pass between the grid wires and eventually reach the plate. How- 
ever, those electrons which leave the cathode immediately before the erid 
voltage returns to a large negative value may be stopped and returned 
to the cathode. This return of emitted electrons is called back bombard- 
ment and may cause very appreciable heating of the cathode, because the 
electrons strike the cathode with considerable velocity. 

The heating effect of back bombardment is not in 1tself harmful, pro- 
vided the heater current is reduced to maintain the correct cathode tem- 
perature, but with it are associated two undesirable effects. One is the 
waste of cathode emission represented by the returned electrons. The 
current to the plate and the power developed are less than would be 
possible if the entire cathode emission could be utilized. ‘The other effect 
is the waste of r-f input power associated with back bombardment. 
The energy of the returned electrons is derived from the erid-cathode 
electric field, and thus power supplied by the source of the erid-cathode 
r-f signal is wasted in heating the cathode. 

The movement of electrons through the grid-plate space causes a cur- 


1H, A. Zauu, J. E. Gormaam and G. F. Rouse, “A Vacuum-contained Push-pull 
Triode Oscillator,” Proc. I.R.E., 34 (February, 1946), 66W-69W; C. EL. lA and 
J. EB. Woxrs, “A Tunable Vacuum-contained Triode Oscillator for Pulse Service,” 
Proc. I.R.E., 36 (January, 1949), 234-239. 

2CHao-Cupn Wana, ‘“‘Large-signal High-frequency Electronics of Thermionie¢ 
Vacuum Tubes,” Proc. /.R.E., 29 (April, 1941), 200-214. 


G02 HIGH-FREQUENCY TRIODE OSCILLATORS [(CHap, X 


rent in the plate circuit during the entire period of the grid-plate fight 
rather than a sudden pulse at the instant of electrons striking the plate. 
The reason is that electrons approaching the plate cause an increasing 
positive charge to be induced on the plate surface and the arrival of the 
electrons at the plate neutralizes this charge (see Art. PUG )2ein 
consequence, the duration of the current pulse in the plate circuit is 
greater than the period during which electrons strike the plate by the 
amount of the grid-plate transit time. For high-efficiency operation, 
plate current should flow only while the plate voltage 1s at its minimum 
value. In this way, very little of the power from the plate supply is lost 
as anode dissipation; most of the supply power is converted to high- 
frequency output power. Transit-time lengthening of the plate-current 
pulse results in a higher plate voltage during a portion of the period of 
current flow and therefore causes a loss of efhiency. 

These transit-time considerations require that both the cathode-grid 
and grid-plate spacings be small in the tubes of Figs. | and 2. The 
transit times depend not only upon the spacings, however, but also upon 
the velocities of the electrons. In the cathode-grid region, electrons 
start with nearly zero speed and are accelerated bv the electric field. 
For short cathode-grid transit time, therefore, the accelerating field must 
be strong. In space-charge-limited operation, high field intensities can 
occur only if the density of the electron current is crew.  Lhusaecathocdes 
capable of supplying a high current density is as essential as is close 
electrode spacing to the attainment of short cathode-grid transit time. 
For this reason oxide-coated cathodes are preferred in uhf tubes; the 
tubes of Tig. 2 all employ oxide-coated cathodes. 

Short grid-plate transit times require, in addition to close electrode 
spacings, a high value of plate voltage during the time of plate-current 
flow. Efficient operation requires that this plate-voltage value be a 
small fraction of the supply voltage. Therefore, very high supply 
voltages are desirable if erid-plate transit time is to be small. 

The requirements of high current and high voltage in a tube of small 
size produce very difficult anode-cooling problems in high-frequency 
power triodes. The pulsed operation of radar transmitters 1s helpful in 
this respect because of the long cooling periods available between pulses. 
Cooling problems occur not only for the anode but also for the eric. 
The grid is heated by electron bombardment (when it is positive at the 
peak of the grid-voltage wave) and by radiation from the cathode. The 
expansion of the erid wires at hieh femperature must be allowed for in 
the tube desien, and if the temperature becomes too high, the grid may 
become an clectron emitter. rid emission depends greatly upon the 
surface conditions of the grid wires and is an especially important con- 
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siderution in tubes with oxide-coated cathodes—some of the cathode 
material is evaporated onto the grid during operation of the tube. 

2. Sustained Oscillations. <A great vamety of vacuum-tube oseilators 
-——-low-frequeney and high-frequency triode, tetrode, and pentode circuits 
and klystrons and magnetrons, for example—depends upon the same 
principle of operation. Hach of these oseillators contains a resonator, 
which may be an /-C cireuit, a transmisston-line section, or a cavity 
resonator (depending upon the oscillation frequency—see Chap. LX). 
Associated with the resonator is the electron beam of a vacuum tube. Tf 
it were not for the electron beam, oscillations started in the resonator 
would soon die away because of losses im the resonator and because energy 
in the resonator is delivered to a load. The motion of electrons m the 
beam is controlled in such a way that the power removed from the 
resonator is continually replenished by the electrons, and oscillations 
continue at constant amplitude. 

In low-frequeney oscillators, the resonator elements and the vacuum 
tube containing the electron beam form completely separate parts of the 
circuit. In kiystrons and magnetrons, the two components are usually 
built into the same vacuum system and are closely interrelated. Ultra- 
high-frequency triode oscillators may be considered an intermediate case. 
The major portion of the resonator is ordinarily external to the tube; 
yet. particularly with disk-seal triodes, elements of the tube are important 
to the resonator as well as to the electron beam. 

In conjunction with the frequency-determining resonator and the 
energy-supplying electron beam, an oscillator must conta a control 
mechanism to regulate the movement of electrons in synchronism with 
the resonator oscillations in such a way that the electrons may deliver 
energy to the resonator. In a triode oscillator, the control results from a 
feedback connection from the resonator to the grid circuit of the triode. 
The feedback voltage controls the flow of electrons from the cathode, and 
these electrons provide a plate current having an a-c component in the 
proper phase to deliver power to a resonator connected as a plate-circurt 
load. 

An oscillator that illustrates these principles in a particularly simple 
fashion is the tuned-plate circuit of Fig. 34. This circuit is idealized in 
that losses in the L-C resonator and tube capacitances and inductances 
are ignored, the transformer is considered ideal, and transit time 1s 
neglected. These idealizations can very nearly be realized in circuits of 
moderately low frequency. In order to simplify the discussion, no Lond 
is shown connected to the oscillator of Pig. 3A. 

If an oscillation is started in the resonator, the plate voltage @, being 
less than Ey, by the amount of the resonator voltage ¢,, has the waveform 
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indicated in Fig. 38. he sinusoidal voltage e,, multiplied by the trans- 
former ratio a, is transferred to the grid circuit; and because of the grid- 
leak bias built up on capacitor C, the grid voltage e, has the waveform 
shown. Because of the large magnitude of the bias voltage, plate current 
1s cutoff during a large portion of the cycle and flows only when the grid 
voltage exceeds the cutoff value eo. In Fig. 3B, the variable cutoff 
voltage ¢,, (rather than a fixed voltage //.,) is shown because the variation 
of ¢ causes a corresponding variation of the cutoff voltage. The pulses 
of plate current that result are shown in the hgure. The waveforms 
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hig. 3. Low-frequency tuned-plate oscillator. 


drawn correspond to Class C operation, the period of current flow being 
less than half of the cycle. 

The phase of the resonator voltage at the time of plate-current flow is 
all-important to the supply of power to the resonator. The power 
delivered by the source of Ey, at any instant is /,,, times the plate current 
%% at that instant. For the conditions of hig. 3B, this power divides 
between the resonator and the tube. the portion e;2 going to the resonator 
and the portion e2 being wasted in.thé tube as plate dissipation. Had 
the pulse of current occurred in the half cycle during which e exceeds 
fy, both the &y source and the resonator would have supplied power to 
the tube and the plate dissipation would have been very great. The tube 
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would then have damped the resonator oscillations instead of sustaining 
them. For Ingh-efhicreney operation, ec should reach a very low value 
during one portion of the evele, and the feedback and bias should be 
adjusted so that 2 flows only while ¢, is near its minimum value. Under 
these conditions, the plate dissipation is small and nearly all the power 
from the plate supply is delivered to the resonator. 

A very useful point of view, particularly in connection with high- 
frequency (tubes, is to consider the electric field in the tube that results 
from the plate voltage to be divided into two components, one the result 
of the supply-voltage component /,, of the plate voltage and the other 
the result of the resonator-voltage component —e,. The field component 
resulting from /, is independent of time and accelerates the electrons 
toward the plate. Hf this component alone were present, the electrons 
would strike the plate with Iigh velocity, and all the power from the 
Ey, source would be converted to heat at the plate. The field component 
resulting from —e, ts alternating and may accelerate or decelerate the 
electrons, depending upon the phase of e, at the time of plate-current 
flow. For the conditions of Mig. 34. the alternating-field component 
decelerates the electrons, and the energy lost by the electrons is recerved 
by the oscillations in the resonator. Thus the tube may be visualized 
as a means for first changing the d-c energy of the /y, source to kinetic 
energy of electrons in the tube and then ehanging part of the kmetie 
cnergy to a-c cnergy in the resonator. Efficient operation is obtarned 
if the deceleration produced by the a-c field nearly equals the accelera- 
tion resulting from the d-c field, so that but little kinetic cnergy 1s lost 
as heat when the electrons strike the plate. 

Some of the adjustments that are of basic importance in the operation 
of all vacuum-tube oscillators may be explained with reference to the 
circuit of Fig. 3. The first adjustment is of the natural frequency of the 
resonator and may be an adjustment of L or Cin Fig. 3A. This adjust- 
ment controls the frequency of oscillation. The second and third adjust- 
ments control the feedback voltage or the excitation of the oscillator. 
Two excitation adjustments are needed in order that both the phase and 
the amplitude of the plate-current pulse may be controlled. 

In Fig. 3 only two phase positions of the current pulse, corresponding 
to the two directions of connecting to the transformer, are possible, but 
one of these provides the 180-deg relation between grid and plate voltage 
desired in low-frequency oscillators. In high-frequency oscillators, 
transit time may make a different phase relation between the voltages 
desirable, and a smooth control of phase is therefore preferred. ‘The 
excitation-amplitude adjustment in Fig. 3A is the transformer ratio a. 
Oscillations are possible only if a exceeds a certain minimum value, and 
the strength of oscillations and efficiency of operation increase as a is 
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made somewhat larger than this minimum value. Too large a value 
tor a, however, increases the losses in the grid circuit and results in 
inefficient operation. Adjustment of 2, influences the bias voltage and 
should be considered in conjunction with adjustment of a; hk, and a 
together determine the amplitude and duration of the current pulse. 

The circuit of Fig. 34 does not include a load for the oscillator and 
therefore contains no means for adjusting the loading of the circuit. 
To be useful, an oscillator must deliver power to a load, and the loading 
control ts a fourth basic adjustment. Methods of applying and adjusting 
loads for oscillators are considered in Arts. 8 to’ 10. 

3. Ultra-audion Oscillators. One of the oldest and simplest of the 
high-frequency oscillator circuits comprises essentially an inductance 
connected between grid and plate of a triode 
of conventional design. The grid-plate in- 
ductance and the tube capacitances form the 
frequency-determinig resonator, and the 
tube capacitances supply the excitation. The 
oscillator of Fig.4,in which Z is the inductance 
of a few turns of heavy copper wite, 1s useful 
in low-power applications (such as radar- 
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Fig. 6, in which inductances are replaced hy 
transmission-line sections, is useful at somewhat higher frequencies. 

In Fig. 4, capacitor C is a very small adjustable capacitor and is 
included in the circuit merely as a means of controlling the frequency of 
oscillation. Elements C. and R, permit the development of grid-leak 
bias. Capacitors Cy and C,; are low-impedance by-pass capacitors, and 
inductors Ly, are r-f chokes having negligible admittance at the oscilla- 
tion frequency. 

An r-f equivalent circuit in which stray circuit elements are shown 
explicitly is drawn in Fie. 54. The oscillator components are assumed 
to be mounted within a metal shielding enclosure, and the shield is con- 
sidered to be at ground potential. The capacitances between the two 
ends of the resonator coil and the shielding metal are denoted by C, and 
Ce. The tube capacitances are indicated as C on AG mane: Caemnd: tlie 
tube lead inductances are L,, i ANE Lx: 

In all high-frequency oscillators, means must be provided for prevent- 
ing r-f currents from entering the power-supply circuits. Diversion of 
r-f power to the supply circuits wodld, decrease the useful output of the 
oscillator; also r-f currents in the power supply might interfere with the 
operation of other circuits connected to the same supply. In Fig. 54, 
the filter comprising capacitors Cy; and inductors L;; provides heater- 
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supply isolation and at the same time permits a large r-f voltage to exist 
between eathode and ground. Plate-supply isolation is obtained by 
means of Cy, and the location of the plate-supply tap on L. If the cir- 
cult were to oscillate with Ch, open, a pomnt such as Al on L would have 
the same potential as point B (see Ine. 5.4), which is on the shielding 
structure. Thus no r-f current enters the power supply if the tap 1s con- 
nected to point A. The low reactance of Cr, between points A and Bb 
eives additional assurance of plate-supply isolation. 

The cireuit of Fig. 54 may be redueed to the simpler circuit of Tg. 5/3 
if only r-f components of current and voltage are considered. At the 
oscillation frequeney, inductances Ly- and resistor PR, may to a good 
approximation be considered open circuits and C; and Cw are effectively 





Cobb Cy 
ae : 
J C pk 
Ebb 
= by 
Crt 
= Lee 
Cee —7-0 
—_— & C} 
HEATER SUPPLY 
(A) FIRST EQUIVALENT (6B) SIMPLIFIEO EQUIVALENT 


Fia. 5. R-f equivalent circuits for the oscillator of Fig. 4. 


short circuits. Suppose for a moment that capacitors C, Cy, and Ce 
are not present, and designate the series combination of L, L,, and L, 
as Lo. The circuit of Fig. 5B, but without C’, is then obtained. Capaci- 
tors C;, Co, and C are very small and can with little error be transferred 
by the resonant-transformer relation (Art. 11, Chap. IX) from their 
actual position across L to a position across Lo; thus the variable capaci- 
tor CO’ in Fig. 5B is obtained. The final equivalent circuit indicates that 
the ultra-audion circuit is a Colpitts oscillator in which the tuned-circuit 
capacitances are reduced essentially to the unavoidable tube capacitances. 

The frequency-determining resonator in Fig. 5B is the combination of 
Ly with the capacitances C’, Cy, Cox, and C,x. The frequency of oscilla- 
tion is therefore the frequency at which inductance Ly resonates with the 
total capacitance 


ex _ CoC on 
Co = C + Cr =a Cok aE Ce. 
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and the frequency is controlled by adjustment of capacitor C’, which in 
turn controls the value of C’. 

Ihe resonator of Fig. 5B has two points of entry—the terminal pair 
across which the a-c component of plate voltage e, is applied and the 
terminal pair at which the a-c component of grid voltage e, is developed. 
Thus the resonator, considered as a resonant transformer, provides a 
grid-voltage wave 180 deg out of phase with the plate-voltage wave and a 
voltage ratio (determined by the capacitance voltage divider) given by 


Ey _ Cor 
E, Cn 


This ratio has an effect on oscillator operation analogous to the trans- 
former ratio a in the circuit of Fig. 3A. 

A fundamental disadvantage of the circuit of Fig. 4 is the lack of a 
means of controlling either the phase or the magnitude of the feedback 
voltage. The phase angle between the c, and €ép Waves would be exactly 
180 deg if the grid current of the tube in Fig. 5B were zero. Actually, 
however, grid current exists because the grid voltage becomes positive 
for brief periods in order to maintain the grid-bias voltage and because of 
transit-time effects. The grid current must be supplied through the 
capacitive coupling reactances of the resonator (Art. 7, Chap. IX), and 
therefore the phase angle is not exactly 180 deg. Because of transit 
time, the desired phase angle also is different from 180 deg, but no adjust- 
ment 1s available to make the actual phase angle equal the desired phase 
angle. 

An alternate ultra-audion circuit represented in semipictorial fashion 
in Fig. 6 differs from the circuit of Fig. 4 in that the resonator inductance 
1s replaced by a section of transmission line less than a quarter wave in 
length and the heater-circuit filter is replaced by a quarter-wave coaxial 
line. ‘The capacitance C’ between the adjustable disks on the grid-plate 
line serves to control the frequency of the oscillator. Radio-frequency 
equivalent circuits essentially the same as those in Fig. 6 may be drawn. 

The grid-plate line is perhaps best thought of as a resonant cavity 
comprising the parallel rods inside the shielding enclosure. If resistor 
Hy were short-circuited, this cavity would have two natural modes of 
nearly equal frequency. In the first mode, which is the desired mode, 
the voltages of the two line conductors are balanced with respect to the 
shield, one voltage being positive when the other is negative. In the 
second mode, the two conductors arg at the same potential and together 
may be considered the center conductér of a line for which the shield is 
the outer conductor. Resistor Ry» is chosen to approximate the char- 
acteristic resistance of the ‘‘coaxial” line of the undesired mode in order 
to ensure that oscillation in this mode cannot be sustained. The voltage 
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at the shorting bar of the grid-plate line in Fig. 6 resulting from an oscila- 
(ion in the desired mode is zero beeause of the balanced construction of 
the Hine. Consequently, isolation of the plate supply circuit 1s easily 
obtamed. 

Precautions against wrong modes of operation or parasitic oscillations 
are necessary in nearly all uhf oscillators, espectally those employing 
more than one tube (see Art. 5), and resistors such as Ry» are often called 
parasitic suppressors. Figure 6 illustrates the use of damping to suppress 
a wrong mode. Another method is to arrange the circuit so that oscrla- 
(ion-sustaining feedback is not provided for the undesired mode. 

The concentric cvlinders of the heater-supply assembly form a quarter- 
wave coanial line that permits a low-frequency connection to the cathode 
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Fig. 6. Ultra-audion oscillator employing transmission-line resonator. 


and yet provides an r-f open circuit between cathode and ground. The 
completion of the heater circuit through a lead inside the center conduc- 
tor of this line is an example of a very common and useful method of 
supplying heater power to tubes in high-frequency circuits. “The coaxtal 
line formed by the heater lead and the inner cylinder of the cathode line 
is effectively short-circuited at both ends—at one end by the tube heater 
and at the other end by capacitor Cy; Thus the line, which 1s approxl- 
mately a quarter wave in length, 1s nonresonant, and very little of the 
r-f power can be transmitted through 1t to the heater supply. 

4 Plate-return Oscillators. An oscillator circuit in which tuning 
elements are connected from grid to plate and from cathode to plate 
is especially suitable with tubes of the external-anode design of Fig. 1B. 
This circuit is variously known as a plate-return, plate-separation, grounded- 
plate, and tuned-grid, tuned-cathode oscillator and has been widely used in 
radar transmitters not only with external-anode tubes but also with 
triodes of conventional design. 

The single-tube plate-return oscillator of Fig. 7 is considered in this 
article because it illustrates the principles of the circuit in simple fashion. 
(Because of power requirements, the circuits generally employed in radar 
transmitters are the multitube circuits of the following article.) In 
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lig. 7 an external-anode triode is fitted into a coaxial-line tuner, and 
direct voltage is applied to the plate-cathode circuit between the ep 


termmal and the heater-transformer center ee 


The spacers on either 


side of the anode cooling structure provide high-voltage d-c¢ insulation 
and at the same time are the dielectrics of two capacitors having negligi- 
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ble reactance at the oscillation fre- 
quency. ‘The d-c grid circuit ineludes 
the outer conductors of the coawnial 
lines and resistor fy. Flow of grid 
current In R&R, causes a bias voltage to 
be stored on capacitor C,. The heater- 
supply circuit is similar to the one in 
ig. 6. 

The tuner of Fig. 7 comprises two 
coaxial-line resonators separated by 
the plate structure. The only cou- 
pling between these resonators results 
from the electron beam and the grid- 
cathode capacitance of the tube. 
Because of this construction, the plate- 
lead inductance (which would give 
mse to a reactance common to the 
grid and cathode circuits) is zero. 
and grid and cathode lead inductances 
may be ignored if the connecting leads 
are considered part of the couxial-line 
center conductors. An r-f equivalent 
circuit for the oscillator may therefore 
be drawn as in Fie. 84 for the fre- 
quency range near the quarter-wave 
resonances of the two coaxial lines. 
In this figure, C, and L, represent 
the cathode line (see Art. 8, Chap. 
IX) and L, and C, represent. the eric 
line. 


The resonator of Fig. 8A has two modes of resonance. These modes 
may be seen from the diagrams of lig. 85, in which X; represents the net 
reactance of Ly, Cy, and C,, in parallel and NX, is the net reactance of 


Ly, Cy, and C,, in parallel. 


The resonant frequency of the cathode line 


loaded by C5. (the pole of the reactaree function Y;) is designated by es, 
and the resonant frequency of the grid line and C,, (the pole of N,) is 


denoted by f,. 
called fo. 


The natural frequency of the complete resonator is 
For the low-frequency mode of resonance, fo 1s less than both 
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J, and f,, so that both VY; and V, are inductive, and the series combination 
Of Ag and .V, resonates with Cy, as indicated by the top diagram of 
hie. 86. For the high-frequency mode, fo lies between f, and f,, so that 
either V, or NV, is induetive and the other is capacitive. The two condi- 
tions possible, depending upon whether the eathode or the grid line is 
tuned to the Ingher frequeney, are shown by the two lower diagrams of 
ie. Sb. 

lsxamimation of Inig. Sb shows that the phase relation between erid 
and plate voltages required for sustaining oscillations is obtained only if 
resonance occurs in the high-frequeney mode and f; is less than f,. The 
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Fic. S. R-f equivalent circuit for oscillator of Fig. 7. 


lumped-parameter equivalent circuit of Fig. 8A can therefore oscillate in 
only this one way. Other modes of sustained oscillation, corresponding 
to multiple quarter-wave resonances of the transmission lines, are pos- 
sible in the actual circuit of Fig. 7. Ordinarily, only oscillations of the 
lowest possible frequency are obtained, however, because transit time 
becomes more important in the higher frequency modes, and the efh- 
ciency of the tube is reduced. 

Because VY, is capacitive and _Y, inductive at the frequency of oscilla- 
tion, the equivalent circuit of the plate-return oscillator has the basic 
Colpittsform. The circuit differs from that of the ultra-audion oscillator 
only in that the amplitude of the feedback voltage can be adjusted 
through control of X, by the cathode-line tuning. If the cathode line 1s 
appreciably shorter than the grid line, VY; is inductive and oscillation 1s 
impossible. Lengthening the cathode line makes XY; capacitive, but 
oscillations may still not occur if the magnitude of X;, is too large relative 
to 1/wC,x, so that the capacitance voltage divider supphes very little 
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voltage to the grid. Further increase of cathode-line length decreases 
the magnitude of \;, and oscillations become possible. Too long a 
‘athode ne results in excessive grid voltage and inefhcient operation 
because of the large grid-circuit losses. 

The grid-line shorting plunger is conveniently thought of as the fre- 

quency control for this oscillator, 

ee and the cathode-line plunger as the 

ee feedback control. The two con- 
trols, however, are not independent, 
and a succession of adjustments is 
usually needed to obtain the best 
operation at a specified frequency. 
No provision for feedback-phase 
adjustmentisavailable. However, 
if operation too near the high- 
frequency limit is not attempted, 
and if the r-f grmd voltage is not 
excessive, both the desired and the 
actual phase angles will approni- 
mate 180 dee and the loss in 
performance will be small. 

o. Multitube Oscillators. Be- 
) cause of the tendency of triodes to 
HO 13 decrease in size and power capacity 
with increase of frequency rating, 
multitube circuits are widely used in 
uhf power oscillators. Push-pull 
curcuats make available approxi- 
mately twice the power output of a 
single tube, and higher powers can 
be obtained from ring oscillators, 
which may comprise any even num- 
ber of tubes. Unfortunately the 
possibilities for parasitic oscillations 
and the difficulty of adjusting the 
circuit for optimum operation in- 
crease as the number of tubes 
mereases. Push-pull circuits are thoroughly practical, but circuits 
contammg more than two tubes AXE SO difficult to adjust that the full 
power capacity of the tubes is seldom>realized. 

A push-pull version of the plate-return oscillator of Art. 4 is sketched 
In cross section in Fig. 9. This circuit may be derived from that of 
Mig. 7 if the center conductors of the coaxial grid and cathode lines are 
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replaced by parallel-wire lines and if the shorting plungers of the coanial 
lines are replaced by the adjustable shorting bars on the parallel-wire 
lines. The plate supply voltage is applied between the /, termimal and 
center tap of the heater transformer. Grid-bias voltage results from 
erid current in 2, and is stored on the stray enpacitance between the 
erid line and the shielded enclosure. 

Two modes of osellation of nearly the same frequency are possible 
inthis eireuit. In the desired mode, the two tubes operate in push-pull— 
the voltage of each transniussion line is balanced with respect to the shield, 
and the r-f voltage at one cathode (or one grid) is positive when that of 
the other eleetrode is negative. In the undesired mode, the two tubes 
operate in parallel the two cathodes and the two conductors of the 
eathode line form the eenter conductor of a transmission line for which the 
shielding box is the outer conduetor. The grid line functions simiarty, 
and the oscillator becomes equivalent to the single-tube circurt of lig. 7. 

The undesired mode ean be prevented in several ways. The trans- 
mission lines used by the parallel mode extend to the ends of the shielding 
enelosure, whereas the lines used by the push-pull mode termimate at the 
adjustable shorting bars. Furthermore, the grid lime terminates in an 
open circuit (except for P,) for the parallel mode and in a short circuit 
for the push-pull circuit. Thus it is possible to adjust Ine lengths so 
that the relation f; < f, (see Art. +) required for oscillation 1s satisfied 
for the push-pull mode but not for the parallel mode. Damping iIntro- 
duced by resistors R, and Ry» may also be used to suppress the parallel 
mode, beeause these resistors carry r-f currents if oscillations in the 
parallel mode occur but do not appear in the r-f circuit for the balanced 
push-pull oscillations. If Rp, 1s of appreciable magnitude, it 1s shunted 
by the r-f choke L», to permit application of the full supply voltage fi» to 
the tubes. 

Because of the balanced nature of the push-pull circuit, the r-f poten- 
tials of the plates and the center points of the shorting bars for the grid 
and cathode lines are equal. Thus these three points are connected in 
the r-f equivalent circuit, and the circuits of Fig. 8 apply exactly to each 
tube in Fig. 9. The effects of tuning adjustments are therefore the same 
as described in Art. 4. 

A ring oscillator may be formed by combining any number of push-pull 
oscillators into a single circuit—hence the even number of tubes in the 
ring circuit. The tubes are arranged symmetrically in a circle, and inter- 
connections of the push-pull components are made in such a way that all 
tubes operate at the same frequency and in a definite phase relation. 
In the desired mode of a ring oscillator, a phase reversal occurs between 
each tube and the next along the circle; that is, each tube may be con- 
sidered to operate in push-pull with either tube adjacent to it. 
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As an example of a ring oscillator, consider the circuit of Fig. 10, which 
employs triodes of conventional design but otherwise is an extension of 
the push-pull plate-return circuit of Fig. 9 to four-tube rmg form. The 
cathode resonator in Fig. 9 is the four-tube version of the parallel-wire 
cathode line in Vig. 8, but instead of erid lines, the four small inductances 
My, Lo, Ly, and Ly are employed. Fach inductanee is made adjustable by 
means of a tuning disk (rotating a disk toward the plane perpendicular 
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Iie. 10. Four-tube ring oscillator employing plate-return circuit. 


to the magnetic flux decreases the Inductance), and each tube is provided 
with two grid leads for convenient connection to the inductances. 

lor operation in the desired mode, the cathode circuit of ay padtof 
adjacent tubes may be considered to be a parallel-wire line formed by 
the hollow cathode conductors for these tubes wnd to havea chwiieter- 
istic resistance determined in part by the eathode line of the other pair of 
tubes. The cathode-line parameters Tor tubes VY, and Vs, for example, 
are those which would apply if a conducting plane extended vertically 
upward from the cathode shorting plate midway between the circuit of 
hand VW. and that of 1, and My. The reason these parameters apply 
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is that a positive voltage at any point in the cireuit of yis matched Dy 
negative voltage svminetrically located in the cireuit of Vy and similarly 
Voltages in the Ws circuit are matched by voltages of opposite polarity 
in the Vs cireuit. Asa result of this symmetry, the voltage at every 
point of the plane midway between the two pairs of tubes is zero, and the 
Imagmary conductor could be inserted without altering the field. 

An r-f equivalent cireuit for Vand Vs, when operation is in the desired 
mode, 1s drawn in Fig. PLA. The two grids are joined on one side by the 
inductance £1; and beeause the center point of Ly is maintained at the 
potential of the anode shorting plane by the balanced nature of the oscilla- 
tions, a connection Is made between the midtap of 4, and the anodes of 
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Fic. 11. R-f equivalent circuits for oscillator of Fig. 10. 


Vi and Vs. The balanced oscillations also maintain the center point of 
Le and Ly at plate potential, and thus 144L2 and 16L, appear in Fig. 114. 
The resonant circuit Ly. C; represents the cathode line of V,; and V.~ 
(with the imaginary conducting plane taken into account) and is tuned 
to the frequency for quarter-wave resonance of that line. 

The circuit of Fig. 114 may be simplified to the one-tube circuit of 
hig. 114, m which the mductance value 14, applies if the four grid 
inductances are equal. This final equivalent circuit is the same as that 
of the single-tube and push-pull plate-return oscillators and indicates 
that frequency is controlled by the grid-cireuit disks and that the magni- 
tude of the feedback voltage depends upon the position of the cathode- 
line shorting plate. 

One of the undesired modes of oscillation may be called push-pull 
parallel operation. ‘Tubes V; and V4, for example, may operate in phase 
as one unit of a push-pull oscillator with V2 and V3 operating in phase as 
the other unit. In such a mode, inductances Le and Ly would carry no 
current, and the major change of the equivalent circuit of Fig. 11B would 
be the increase of 14/1, to 146L;. Adjustments can be made so that this 
change lowers the resonant frequency sufficiently to make the cathode 
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circuit inductive and thus prevent the tubes from sustaining this mode. 
Another undesired mode is parallel operation of all four tubes. In this 
mode no currents flow in any of the grid inductances, and the erid-plate 
impedance of Fig. 11B becomes essentially capacitance C,,. Resonance 
then requires an inductive plate-cathode impedance and oseillations 
cannot be sustained. 

Of particular interest is the stmilurity of the multiconductor resonators 
employed in ring oscillators to the cavity resonators used in magnetrons. 
The natural modes of magnetron resonators are considered in detail m 
Art. 6, Chap. XJ, and the principles developed there apply also to the 
ring-type resonators of uhf oscillators. 

6. Analysis of Grid-return Circuits. The designation plate return 
apphed to the oscillators of Arts. + and 5 is part of a general classification 
scheme for triode circuits Ulustrated by Fig. 12. The cathode-return 
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(A) CATHODE-RETURN CIRCUIT (B) PLATE-RETURN CIRCUIT (C) GRID-RETURN CIRCUIT 


ie. 12. Circuits illustrating three classifications of triode connections. 


connection is employed in most low-frequency circuits, and the plate- 
return connection has a low-frequency application in the eathode follower. 
The grid-return connection is used occasionally at low frequencies (for 
example, the normally off tube of the cathode-coupled multivibrator of 
Fig. 382A, p. 100 in Chap. IT, is a grid-return or grounded-grid amplifier). 
At the highest useful frequencies of triodes, the grid-return circuit is of 
great importance both for amplifiers (see Art. 25, Chap. VI, and Art. 15. 
Chap. AIL) and for oscillators. The basic reason for the importance of 
the grid-return circuit in ubf applications is the physical position of the 
grid between cathode and plate in a triode. Grid-return circuits employ- 
ing disk-seal tubes can be made in which the only coupling between input 
and output cavities, other than that of the electron beam, is the very small 
coupling produced by the penetration of electric fields through the orid 
mesh. 

The entire structure of vacuum-tube analysis is ordinarily based upon 
the cathode-return cireuit. For example, voltages measured with respect 
to the eathode are used in plotting tube characteristics, and linear 
equivalent circuits represent’ the effect of a grid-cathode Input signal 
upon a plate-cathode output circuit. This procedure is entirely logical 
in the study of low-frequency circuits because of the prime importance 
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of eathode-return circuits. At high frequencies, however, grid-return 
cireults ave of major interest, and a method of thinking based upon the 
evid as a dividing clement between the input and output circuits is 
preferable, One advantage of the grid-return approach is that the high- 
frequeney behavior of triodes, which appears very complicated on the 
cathode-return basis, can be expressed much more simply in terms of an 
Input grid-cathode region and an output erid-plate region. Of interest 
also is the very considerable similarity between the operation of a triode 
considered on the grid-return basis and the operation of a klystron (see 
Alte 1, Gh. aT). 

Voltages and currents in a grid-return circuit are indicated in Fig. 13. 
If the operating frequency is low, and if a sufficiently negative grid-bias 
voltage is emploved, grid current is negligible, and the circuit of Fig. 134 
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big. 13. Voltages and currents in grid-return circuit. 


apphes. ‘The put voltage is the cathode voltage e;, which is the nega- 
tive of the grnd-cathode voltage ¢.. The output voltage is the plate-to- 
erid voltage e, — e.. The plate current % is equal to the cathode current 
7, and to the negative of the current delivered by the input source to the 
cathode, or by the plate to the load. 

The paths of currents 7 and 72 can be separated as in Fig. 13B. For 
low-frequency, negative-grid operation, the current 2% — 2 in the grid 
lead is zero, so that Figs. 13A and B are equivalent. If, however, the 
grid voltage may be positive, or if capacitance currents or transit-time 
grid loading are important, grid current cannot be ignored, 2% and 7d; are 
not equal, and the aircuit of Fig. 13B must be employed. If the tube in 
Fig. 1386 has a mgh amplification factor, the fields in the grid-plate region 
have little influence upon the electrons between cathode and grid. Thus 
the cathode-grid section of the tube is very nearly equivalent to a diode, 
and the source of voltage e, may be considered to supply the current —7z, 
determined by this diode, with httle influence from the plate voltage. 
Most of the electrons reaching the grid plane pass through the grid and 
travel to the plate. In the giid-plate region, the electrons are aceelerated 
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by the field of the direct component of plate-to-grid voltage and deceler- 
ated by the field of the alternating component of this voltage (see Art. 2). 
Thus the electrons serve to change d-c energy of the plate supply into 
a-c energy, which may be stored in a resonator connected between plate 
and erid. An equivalent statement of output-circuit relationships 1s that 
the current 2, produces the output voltage by flowing through theimped- 
ance of a resonator in the output circuit. 
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Pig. 14. Idealized circuit lustrating principles of grid-return cireuit. 


In Fig. 144 is drawn an idealized circuit that illustrates the grid-return 
approach to oscillators in the same way that the tuned-plate oscillator 
of Fig. 3 illustrates the cathode-return approach. Observe that the 
direct plate voltage is applied between plate and cathode in the usual 
way and that a conventional grid-leak-bias circuit is employed. The 
r-f equivalent circuit, however, takes the grid-return form of Fig. 13 
because of by-pass capacitors C. and Cy. The waveform of plate-grid 
voltage e, — ¢,in Fig. 14B is the sum of the plate supply voltage, the bias 
voltage across /??,, and the voltage ¢,, produced by oscillating enerey in the 
L-C resonator. A portion ae, of the resonator voltage is applied by the 
ideal transformer to the cathode circuit in phase with the plate-grid 
voltage. This feedback voltage added to the bias voltage results in the 
¢, Waveform shown. 
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Kleetrons leave the eathode during the time that the voltage c, is less 
than the cutoff voltage (or the erid voltage is above cutoff). These 
electrons, In traversing the cathode-erid space, give rise to the cathode- 
current pulse gm lie. 145, and in traversing the e@erid-plite region ata 
slightly later time, the electrons produce the plate-current pulse a. The 
reversed current at the end of the 7, pulse is the result. of cleetrons im. the 
erid-cathode space beimg returned to the cathode when the erid-cathode 
field reverses. (See the discussion of baek bombardment im Art. 1.) 
The plate-current pulse oecurs when the r-f component of ¢, — e. Is Nega- 
tive and therefore contributes enerey to the resonator osetlhattons. “Phe 
efficiency of the erreuit could be improved if the pliase of the a-e compo- 
nent of e, could be shifted to provide anf, pulse at the time of minimum 
Cy — ee Lhe waveforms of ig. Ith 
upply only for an oscillation frequency 
well below the ultimate hnnt of the tube. 
When a tube is operated at verv nearly 
its Maximum frequency. the oscillations 





are so weak and the spreading of current 


pulses beeause of transit time is so Fie. 15. R-f equivalent circuit of 
ultra-audion oscillator drawn in 


great. thet, Class C condifions aresnot  osiq-cturn form. 


obtained. 

The possibility cf oscillation and the efficiency of operation of this 
circuit depend upon the transformer ratio a. In Fig. l44, a must exceed 
a certain value in order for the plate-current pulses to be of sufficient 
magnitude to sustain oscillations. Moderate increase of a above this 
eritieal value increases the output of the oscillator, but excessive values 
of a increase the relative magnitude of the power consumed by the input 
circuit and decrease the r-f output voltage. Oscillation is impossible 
if ais increased to or bevond unity--a step-down voltage ratio 1s necessary 
in order that the eathode-current pulses in the transformer secondary 
winding may be equivalent to smaller pulses in the primary winding and 
thus may consume less power from the resonator than the plate-current 
pulses add to 1t. 

The cathode-return method of analysis is not restricted to cathode- 
return circuit arrangements; neither is the grid-return approach restricted 
to circuits in grid-return form. Either method of analysis can be appled 
to any oscillator cireuit, but one or the other may be easier to use, 
depending upon the circuit form. The grid-return unilysis is well- 
adapted to most ubf circuits, particularly those employed with disk-seal 
tubes. 

To illustrate the equivalence of the grid-return and cathode-return 
analyses, the ultra-audion equivalent circuit of Tig. 5/5 1s redrawn 1m 
Fig. 15 in an arrangement appropriate to the grid-return analysis. ‘The 
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output-circuit, resonator in this diagram is the same as the frequency- 
determining resonator of Fig. 5B, and the resonant-transformer effect 
of the capacitance voltage divider that supplies feedback voltages to the 
cathode replaces the ideal transformer of Fig. 144. Observe that the 
polarity of the returned voltage is correct and that the required step- 
down voltage ratio is provided. 

7. Grid-return Oscillators.!. One form of tuner used with disk-seal 
tubes 1s illustrated by the lighthouse-tube oscillator of Fig. 16. The 
tuner employs coaxial-hne cathode-grid and anode-grid cavities, the 
cathode line surrounding the anode line so that the entire assembly com- 
prises three concentric cylinders fitted to the tube at one end. The end 
of the grid cylinder at the tube is partly cut away (see fivure) to make the 
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Pie. 16. Lighthouse tube in coaxial tuner employing cathode line folded over plate line 


cathode-plate capacitance greater than the very small value produced by 
the fringing of fields through the grid mesh. A very similar tuner, but 
one with no openings in the grid cylinder, is employed in r-f amplifiers 
(Art. 15, Chap. XII). 

Because of the high frequency at which this oscillator operates —about 
3,000 Meps—imechanical considerations require use of tuning lines greater 
than a quarter wave in leneth. The cathode Ime is approximately three- 
quarters of a wavelength, measured from the tube to the adjustable short- 
circuiting plunger, and the plate lme is nearly a full wavelength from 
tube to the end of the plate cylinder. A noncontacting form of short- 
circuiting plunger (see Art. 5, Chap. 1X) is used in the cathode line to 
permit grid-bias voltage to develop across /?,. The re-entrant quarter- 
wave line mside the plate cylinder serves as an r-f choke in the lead to 

‘A. M. Gurewrrscu and J. R. Waiwnehy, » Microwave Oscillators Using Disk-seal 
Tubes,” Proc. I: ReE., 35 (May, 1947), 462-473; G. Leuan, ‘“ Very-high-frequency 
Triode Oscillator and Amplifier Circuits,” Elec. Comm., 25 (March, 1948), 50-61; 
D. R. Hasturon, J. K. Knipp, and J. B. HW. Kvepgr, Klystrons and Microwave L'riodes, 
(V0 198 (MeGraw-Lill Book Company, Inc., New York, 1948). 
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the plate voltage supply, and the open-end construction of the plate line 
assists in insulating the high plate voltage from the gridcirewt. “Tuning 
of the plate line is accomplished by shding the plate cylinder over the 
plate terminal of the tube. 

Both the short-cireuited three-quarter-wave cathode line and the open- 
circuited full-wave plate Hine have input impedances representable by 
parallel L-C eircuits (Art. 8, Chap. TN). Therefore, the r-f equivalent 
cireuit may be drawn asin Fig. 17. In this figure C), represents the sum 
of the tube capueitanee and the capacitance effect of the openings in the 
erid cvlinder. 

Beeause the voltage divider that supphes the alternating cathode 
voltage must not cause a polarity reversal, the net reactance of La, Cx, 
and C,, in parallel must be capact- 
tive. That is. the cathode tne 
londed by C,, must resonate at a 
frequeney f; lower than the frequency 
of oscillation fo. The frequeney of 
oscillation is the resonant frequency 
of L, in parallel with C,, Cy, and the 
Input capacitance of the voltage 
divider. Therefore fo 1s less than f). 
the resonant frequency of the plate line londed by capacitance Cp. 
Oscillations can occur only if line lengths are adjusted so that fy, 1s 
less than fp. 

The effects of tuning adjustments are very similar to those obtained 
in the plate-return circuit. The plate-line length is the basie frequency 
control, because it determmes the resonant frequency of L, and C, in 
Fig. 17. The cathode-line length determines the cathode-grid reactance 
in the equivalent circuit and therefore controls the amplitude of the 
feedback voltage. Oscillations cease if the cathode line is made so short 
that the cathode-grid reactance becomes inductive or if the line is made 
so long that the reactance, though capacitive, becomes too small to 
provide a feedback voltage of adequate amplitude. 

An adjustable element for the control of phase of the feedback voltage 
is not provided in the oscillator of Fig. 16. Nevertheless, some control 
of phase may be exercised in the design of the oscillator through adjust- 
ment of the size of the openings in the tube end of the grid cylinder. 
Because the coupling reactance (see Art. ¢, Chap. LX) through which the 
resonator of Fig. 17 supphes current to the cathode is capacitive, the 
phase of the cathode voltage is shifted somewhat ahead of the phase of 
the plate-grid voltage. As may be seen from Fig. 4B, this shift is in the 
proper direction for obtaining maximum efficiency when transit time 1s 
appreciable. The amount of the phase shift is increased if the size of 





rig. 17. R-f auuivalent circuit for 
oscillator of ig. 16. 
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the grid-cylinder openings, and therefore the magnitude of capacitance 
Cx, is decreased. To obtain the maximum possible efficiency, the proper 
combination of opening size and cathode-line length must be utilized. 

Because the oscillator of Fig. 16 employs multiple quarter-wave 
resonances in the tuning lines, the possibility of parasitic oscillation in 
lower frequency modes must be considered. Such oscillations may be 
expected to occur unless specific provision for suppressing them is made, 
because the tube is a more effective amplifier at the lower frequencies. 
Lower frequency ranges in which the impedance of the grid-plate resona- 
tor in Fig. 16 is appreciable are those for which the plate Hne—measured 
from the tube around the end of the plate cylinder to the short circuit 
mside the re-entrant line—is in approximate one-quarter-wave or three- 
quarter-wave resonance. ‘These resonances occur at frequencies of about 
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lic. 18. Lighthouse-tube oscillator employing transmission-line feedback. 


one-fifth and three-fifths of the desired frequency and correspond to 
cathode-hne lengths of roughly 359 and 299 Wave. For the first of these 
lengths, the cathode-resonator impedance is inductive, and for the 
second it is nearly a short circuit. Thus the feedback required to sustain 
the unwanted modes is not. provided. 

The circuit of Fig. 17 could equally well be drawn in vrounded-cathode 
form and thought of as a Colpitts circuit. There is no great advantage 
m using the grid-return rather than the cathode-return approach in the 
study of this circuit. For another hehthouse-tube oscillator having the 
form sketched in Fig. 18, however, the gvid-return approach offers a 
considerable advantage in simplicity. 

The d-e circuits for the oscillators of Ines. 16 and LS are the same, but 
the r-f circuits differ, principally m the paths provided for feedback from 
the plate-erid resonator to the cathode. Only one tuning adjustment 
is provided in the oscillator of Fig. 18, and by means of it the frequency 
can be adjusted over a range of about 10 per cent. Moving the tuning 
control causes the plate sleeve S to slide with respect to the plate rod R. 


Navv, 7 | GRID-RETUBN OSCILLATORS (28 


The r-f equivalent circuit for Fig. 18 is somewhat eomplicated by the 
several Junctions and changes of impedance in the coaxtal-line-tuner 
structure. A crreuit that does not represent all the discontinuity effects 
in detail, vet is satisfactory for a qualitative explanation of the mechanism 
of oselation, is drawn in ig. 19. In this, the erid-plate capacitance 
appears as ©C,, but the plate-enathode capacitance, which is too small 
to have appreciable effeet. is omitted. The erid-eathode capacitance, 
augmented by the capacitanee of the gap between the @erid evlinder and 
the shell of the tube, is referred through the 1:1 ideal transformer and 
designated C,, 11 the equivalent 
cient. 

Line “lin Ing. 19 represents the 
similarly marked coaxial line 
inside the enid evlinder in Ing. 18. 
Line B in Fig. 18 is short and has D-C GRID 
a low eharacteristie impedance: eae Mag 
thus it appears as a eapacitance 
Cpin lig. 19. Vhe conductors for 
line C in Fig. 18 are the end and 
cathode evlinders, whereas for line Seog — 

D the conductors are the cathode | 7 Fo 
evlinder and the plate sleeve. aa equivalent circuit for oscillator 
The series junction of lines J, C, 

and D is represented at the right-hand side of the equivalent circuit. 

The input reactance Xp for ine D is shown in Fig. 19 as a short circuit 
because the line isa quarter wave in length and ts terminated by an open 
circuit. The terminating open circuit results from the series -combina- 
tion of a short circuit (at the input to line //) and an open circuit (at the 
input toline Ff). Lines # and F are each a quarter-wave long and make 
up a choke that is effective in confining the r-f fields to the oscillator 
cavity without short-cireuiting the high direct voltage between plate and 
enthode conductors. 

Line C connects the junction of lines B, C, and D to the cathode-grid 
terminals of the tube. In the equivalent circuit, this connection is made 
through an ideal transformer in order to avoid showing the upper con- 
ductor of line C in parallel with the lower conductor of Ine A. In the 
actual oscillator, the two lines are entirely independent: the inner surface 
of the grid cylinder may be considered one conductor of line A and the 
outer surface one conductor of line C. Because the transformer is ideal 
and has a 1:1 ratio, it is exactly equivalent to a direet connection, except 
for its effect in emphasizing the independence of the two lines. 

Line C is somewhat less than a half wave in length and resonates with 
capacitor C,,. Asa result of this resonance, the standing-wave pattern 





124 HIGH-FREQUENCY TRIODE OSCILLATORS [Charm K 


indicated in Fig. 19 is obtained. The voltage eo has an rms value Ep 
ereater than /,, the rms value of the cathode voltage, and the resistance 
at the cathode end of the line that represents power consumed by the 
tube is equivalent to a larger resistance at the input terminals of the line. 
This larger resistance loads the resonant system comprising line A and 
capacitors C,, and Cs. Becuwuse of these capacitors, the resonant length 
of line A is much less than a half wave, and the standing-wave pattern 
is as shown--Hy and L, — EL, may be assumed approximately equal. 
Observe that the d-ce grid connection is made to the point of minimum 
voltage on ne C; thus the inductance of the connecting finger has a 
neghegible effect upon the r-f cireut, and little r-f energy can escape to F,. 

The two transmission lines and three capacitors of Fig. 19 are the 
frequency-determining resonator of the oscillator. Adjusting the tuning 
rod controls the resonator frequency by means of two effects. The first 
effect is a change in the length of line D, which change causes the short 
circuit of Fig. 19 to become an inductive or capacitive reactance. The 
second effect is a change in the length of line A and an opposite change 
in the length of line B (corresponding to a change in the capacitance Cz). 
The first effect is much less important than the second, because the 
reactance \» 1s located at a voltage maximum in the standing-wave 
pattern of lines A and C; thus the current in Vp is small. 

The frequency-determining resonator also functions as a resonant 
transformer to supply the voltage e, to the cathode in proper relation to 
the plate-grid voltage e, — e.. The standing-wave diagrams of F ig. 19 
indicate an in-phase relation of e, toe, — e. and a step-down voltage ratio, 
us required for oscillation. The standing-wave patterns are drawn for 
total reflection at the cathode and thus ignore the power input to the 
athode-grid section of the tube. Actually, the standing-wave ratio for 
the cathode line is only moderately high not only because of the triode 
Input power but also because a load, not shown in Figs. 18 and 19, 1s 
coupled to line C. Thus a leading phase for e, can be obtained by 
appropriate adjustment of line lengths. In order to provide optimum 
phase and amplitude of the feedback voltage, two parameters of the 
tuner (for example, the length of the grid cylinder and the spacing of the 
grid-cylinder-to-cathode gap) must be adjusted. Through correct 
adjustment of the various tuner dimensions, nearly optimum feedback 
can se had throughout the 10 per cent tuning range of the oscillator. 
Thus single-control adjustment of frequency is accomplished. 

8. Loading of Oscillators. An oscillator has been presented in the pre- 
vious articles as a resonator in which osvillations are sustained by means 
of a vacuum tube. In order for the oscillator to be useful, a load (the 
antenna of a radar set, for example) must be connected to the reso- 
nator and supplied with high-frequency power. In steady-state opera- 
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tion, the power output of the tube must equal the sum of the load power 
and the loss in the resonator. If the power supphed to the resonator 
exceeds the power consumed, energy is added to the oscillating fields 
during each evele of operation, and the amphtude of oscillation grows 
until an increase of power consumed or de- 





crease of power supplied causes equilibrmun at 


to be established. Similarhy, Wf the power 
supplied is less than the power consumed, 
the stored energy of the resonator decreases. 
Sither equilibrium is reached at a low LT 
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i 
amplitude of oscillation, or the oscillations 
cease altogether. 
, . Ce 
In order that an oscillator may provide 
4 maximum of useful load power, not only 
must the phase and amplitude of the feed- aaa | 
Kia. 20. TPuned-plate oscillator 
back voltage be properly adjusted and the — with load. 
erid-bias voltage correctly chosen, but also 
the correct load resistance must be presented to the tube by the resonator. 
The principles of oscillator loading may be explained on the cathode- 
return basis by reference to the tuned-plate oscillator of Hig. 3, p. 704, 
The cireuit of Fig. 34 is redrawn in Fig. 20, with the resistors / and ft, 





(A) R, TOO LARGE (6B) CORRECT VALUE OF RL (Cc) R, TOO SMALL 


Fic. 21.  Waveforins for oscillator of Fig. 20. 


added to represent, respectively, the loss resistance of the resonator and a 
load resistor connected to the resonator terminals. 

Waveforms of plate voltage and plate current, corresponding to the 
waveforms of Fig. 3B, are drawn tn Fig. 21 for three different values of the 
load resistance R,. The waveforms of Fig. 21B are obtained if /t, 1s 
adjusted so that the combination of # and #, is the plate-load resistance 
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into which the tube can deliver the greatest amount of power. In tls 
condition of operation, the plate-voltage wave reaches a minimum value 
/y of the order of one to two times the peak positive value of the ericl- 
voltage wave (see the waveform of ¢. in Fig. 38), and the plate-current 
wave reaches the maximum value /. The current limit may be deter- 
mined by the emission capabilities of the cathode or, for a given value 
of Jy, by the allowable power dissipation at the anode. 

If #, is made greater than the value of Fig. 214, the first effeet is an 
increase in the amplitude of the oscillating resonator voltage. The 
increase results from the momentary excess of the power supphed by the 
tube over the power consumed by the high-resistance load. However, 
the increase of resonator voltage is small, as indicated in [i lerle 
because the decrease of the minimum plate voltage below EF decreases 
the amplitude of the plate-current pulse and thus decreases the power 
supphed by the tube. The feedback voltage or the grid-bias voltage 
may be readjusted in an attempt to increase the peak grid voltage and 
thus obtain large plate current with small plate voltage. Such a pro- 
cedure, however, greatly increases the power consumed by the erid circuit 
and may decrease the plate current because of the interception of electrons 
by the positive erid. 

If /?, 1s made less than the value of Pig. 214, the immediate effect is an 
increase in power delivered by the resonator to / , and a decrease of the 
resonator voltage, as indicated in Fig. 21C. The consequent increase of 
the minimum plate voltage above EZ increases the peak value of the plate- 
current pulse, provided the current is not emission limited, and the 
changes of both current and voltage contribute to an increased plate 
dissipation. In order that the tube may be operated within its power 
rating, the plate supply voltage must be decreased, as in Pig. 21C, and 
the net effect is a loss of power output caused by operation with nearly 
the same current wave as in Ie. 2128 but a smaller resonator voltage. 

The over-all conclusion to be derived from lig. 21 is that more or less 
definite limits / and / exist upon the minimum value of plate voltage 
and the maximum value of plate current. Maximum power with respect 
to adjustment of PR, is delivered by the tube for the particular choice of R, 
that permits operation with the plate voltage and plate current each 
reaching its limiting value. Observe that this value of R, is determined 
by the tube ratings, not by a consideration of matching FR, to an internal 
impedance of the oscillator. (Contrast the statements made for linear 
generators in Art. 14 of Chap. VI.) 

Lhe effects of load-resistance adjustment are essentially the same if a 
grid-return circuit rather than a cathode-return circuit is considered. 
In the oscillator of Fig. 22 (which is the circuit of F ig. L4A, p. 714, with 
loss resistance 2 and load resistor kt, added), for example, too large a 
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Value tor >; makes the output power small because the voltage linit 
reqiures Operating with small plate-current pulses, and too small avyahre 
flor Ay limits the power because the resonator vollage produced by the 
maximum plate current is small. The correet valne of Ry, is somewhat. 
greater for this oscillator than for the tuned-plate cirenit because the 
sum of the grid and plate voltages, instead of the plate voltage alone as 
in the tuned-plate oscillator, appears across Ry, in Fig. 22. 

The discussion of oscillator loading has thus far been concerned with 
the power delivered by the tube to 
the resonator. The division of this 
power between the loss resistor /? 
and the load resistor ?, in Figs. 20 
and 22 ts also important.  Valnes of 
M wery mich grenter than /?, are 
desired in order that nearly all 
the tube power may be received by 
the load. An equivalent statement 
is that the unloaded Q of the reso- 
nator, Q = R/\/L,C. should be very high relative to the loaded Q, 


_ RRi/ + FR) 
Wee 


To provide a high value of F# or a high ratio of Q to Q;, both Q and the 
impedance-level parameter \1/L/C should be a maximum. Large reso- 
nator-conductor surfaces made of low-resistivity material contribute to a 
high value of Q, and the minimizing of miscellaneous effects such as power 
loss along the power-supply lead and in high-resistance contacts between 
resonator parts Is especially important. The impedance-level parameter 
tends to decrease with increase of the operating frequency. Minimum 
values for interelectrode capacitances in uhf trodes (see Art. 1) are 
important if \/L/C is to be made as high as possible. 

9. Output Circuits for Uhf Oscillators. An oscillator output circuit. 
mav utilize any one of the resonator coupling devices discussed in Art. 9, 
13, 14, and 16 of Chap. LX; that is, a transmission-line junction, a 
coupling loop, or a coupling probe may be used to connect the resonator 
of the oscillator to the transmission hne that delivers power to the load. 
An adjustable element in the coupling device is usually provided in 
order that the load resistance for the tube may be set to the optimum 
value. A second adjustable element sometimes provided permits the 
reactance as well as the resistance contributed to the resonator by the 
output circuit to be controlled. 

The transmission-line junction is a particularly simple coupling device 
but can be used only if no direct voltage exists between the load and the 





ig. 22. Grid-return oscillator with load. 
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oscillator line to which the output connection 1s made. In the plate- 
return oscillator, the cathode line is often at ground potential, as in the 
push-pull circuit of Fig. 234, and the output line can therefore be con- 
nected as shown. ‘The output taps on the cathode line may be moved 
to adjust the loading, and capacitor C’ provides a feedback adjustment 
equivalent to the adjustment of cathode-lme length in the plate-return 
Cn @Uiny Or sie = 9) 7 12. 

The equivalent circuit of Fig. 2345 1s obtained by adding the loss 
resistance fi and the output-circuit elements to the circuit of Fig. 8A, 
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(A) SEMIPICTORIAL REPRESENTATION (8) R-f EQUIVALENT CIRCUIT 
FOR ONE TUBE 


Big. 23. Plate-return oscillator with output line connected to cathode line. 


p. 711. The output line is assumed to be terminated in its characteristic 
resistance &,, so that its input impedance is also R,, and the resistance 
f./2 effective in the circuit of each tube appears in Pig. 23B. The ideal 
transformer represents the resonant-transformer effect of the cathode 
line and has the ratio a equal to the ratio of the voltage between output 
taps to the voltage between cathodes. If the taps are moved nearly 
to the shorting bar, a is small, the resistance R,/2a? effective in the plate- 
cathode circuit is large, and the lightly loaded oscillator delivers little 
power. By moving the taps toward the tubes, R,/2a? is decreased and 
the output power increased. Too high a position for the taps makes the 
load resistance so small that the pewer obtainable without overloading 
the tubes is reduced. a 

The characteristic impedance of output lines is of the order of 100 ohms, 
and the optimum plate load resistance per tube is usually about 1,000 
to 10,000 ohms. he transformation ratio a must therefore lie in the 
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neighborhood of 'y9, and an output-tap position rather near the shorting 
bar is required. An inductive coupling reactance of appreciable magni- 
tude (see Art. 9, Chap. IX) may therefore be present tn the connection 
between the cathode line and the output line. This coupling reactance 
is ignored in Fig. 23.B; its effect is considered in Art. 10. 

It the oscillator lines from which output power is obtained are at a high 
direct. voltage, as are the plate hnes in Vig. 24, inductive coupling may be 
employed to deliver r-f power to the output line. The oscillator of Fig. 
24 1s a four-tube ring oscillator emploving a erid-return connection. 
In the desired mode of oscillation (Art. 5), the grids may all be considered 
to be at the same r-f potential as the center points of the plate and 
cathode lines because the grids of tubes 1) and Vy (whieh tubes operate 
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Fig. 2a. Grid-return oscillator with output circuit inductively coupled to plate lines. 


V; are connected similarly. The longer grid-circuit connection joining 
tubes V; and V, to tubes V2. and V3 enters the r-f circuit only for a wrong 


out of phase) are joined by a short circuit and the grids of tubes V». and 


mode of oscillation in which V’; and Vy in parallel form one unit of a 
push-pull oscillator, with V2 and V3 as the other unit. This mode 1s 
prevented by the reduction of feedback voltage occasioned by the 
additional grid-circuit inductance. In the desired mode, r-f currents 
flow in opposite directions through the two plate-line shorting bars, and 
thus the two currents send magnetic flux through the coupling loop in 
the same direction. 

A one-tube r-f equivalent circuit for Fig. 24 is drawn in Fig. 25. ‘This 
circuit differs from that of Fig. 17 only in the addition of the loss resist- 
ance /2 and the output-circuit elements. As explained in Art. 9, Chap. 
IX, the coupling loop can be represented by the connection to the plate- 
line resonator through the ideal transformer and the coupling inductance 
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L,.. The ratio a of the transformer is the ratio of the voltage induced 
in the output loop by plate-line currents to one-half the plate-to-plate 
voltage of the oscillator; hence a is increased if the coupling loop is 
altered to link more magnetic flux. Resistor /?. represents the impedance 
of the output line, and Y; is the reactance of the coanxtal-line stub con- 
taining the output-tuning adjustment. 





lig. 25.) KR-f equivalent circuit for one tube of oscillator of Fig. 24. 


The output-tuning control is normally adjusted so that \, is a capaci- 
tive reactance In series resonance with the inductive coupling reactance. 
Thus the total impedance tn the secondary circuit of the ideal transformer 
is /?., and F#,/a* is the resistance presented by the transformer to the 
plate-grid circuit of an oscillator tube. The oscillator loading can there- 
fore be controlled through adjustment of the loop: increasing the mag- 
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hig. 26. Alternate output circuit for oscillator of Fig. 24. 


netic coupling increases the ratio a@ and reduces the resistance R,./a? 
effective in the plate circuit. 

Sometimes the position of the coupling loop 1s fixed, und an adjustable 
shunt impedance at the junction of the coupling loop and output line is 
used to control the loading of the oscillator. A modification of this kind 
for the output circuit of Pig. 24 is indicated in Fig. 264, and an equiva- 
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lent-cireuit representation of the modifieation is indicated in ig. 268. 
At the oscillator frequency, the parallel combination of output-line 
resistanee ?. and loading-stub reactance V. ean be changed to the series 
resistance-reactanee combination of hg. 26C. By adjustment of No, the 
series resistance can be made to equal the value required by the oscillator, 
and by adjustment of Vy, series resonance of the output cireuit may be 
obtamed. 

A further modification of this output circuit consists in omitting the 
output tuning stub from Fig. 26 and adding a second shunt stub to the 
output line. The double-stub tuner (see Art. 15, Chap. VII) thus 
formed ean be adjusted so that the impedance faced by the coupling loop 
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(8) R-f GQUIVALENT CIRCUIT (C) SIMPLIFIED EQUIVALENT CIRCUIT 


Fie. 27. Coupling loop and plate line of push-pull oscillator. 


contains the capacitive reactance required for output-circuit resonance 
and the resistance required for proper loading of the oscillator. Note 
that the required load impedance for the coupling loop can be provided 
even though the output line is not terminated in its characteristic resist- 
ance. In order to minimize line losses and to avoid rapid change of 
input impedance with frequency, however, the final load should always 
be adjusted for minimum standing-wave ratio on the output line, and 
proper oscillator operation should be secured by adjustments at the 
oscillator end of the line. 

A different form of coupling loop suitable for use with a push-pull oscil- 
lator is illustrated in Fig. 274. A transmission-line section coupled 
inductively to the oscillator plate line“is tuned to resonance by the 
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capacitance disks, and the output line is connected to adjustable taps on 
the coupling line. In the equivalent circuit of Fig. 27B, the plate line is 
represented by L,, Cy, and PR, and loop coupling to this line is represented 
by the ideal transformer 7’; and the coupling inductance L.. The trans- 
former ratio a, is determined by the ratio of voltage induced in the 
coupling line to the plate-to-plate voltage of the oscillator. The tuning 
capacitance for the coupling line appears as C., and the transformation 
ratio between the voltage across C, and the voltage between the output 
taps is represented by the ideal transformer 7’: of ratio a2. 

The simplified equivalent circuit in Fig. 27C is obtained from Fig. 275 
as follows: Transformer 7. and resistor R, are replaced by a resistance 
R,/a®, and the parallel combination of R,/a? and C, is changed to a series 
R-C circuit equivalent to the parallel circuit at the oscillator frequency. 
For normal positions of the output taps, R,/a? is much greater than 
X., the reactance of C., and thus the approximate series-circult param- 
eters indicated in Fig. 27C may be employed. Figure 27C indicates 
that the coupling line may be tuned for series resonance of L. and C.. 
and the plate-to-plate load impedance for the oscillator then becomes 
(a2/a,) Non Ue: : 

The presence of both ratios a; and az in the expression for the load 
resistance corresponds to the fact that the oscillator loading may be 
changed by moving the coupling line toward or away from the plate load 
or by adjusting the taps on the coupling line. As might be expected, 
moving the coupling line toward the plate line loads the oscillator more 
heavily—the increased voltage induced in the coupling line increases the 
value of a; and thus reduces the load resistance. The effect of the tap 
adjustment, however, is opposite to that obtained in the direct-coupled 
system of Fig. 23.4. If the output taps are moved closer to the shorting bar, 
the oscillator 1s loaded more heavily—the ratio a» is decreased, and the load 
resistance (d2/@1)2.V,2, I? is therefore made smaller. If the output line is 
disconnected from the coupling line, the secondary of transformer 7; 1n 
Figs. 27B and C is connected to the high-Q series-resonant circuit com- 
prising L, and C,, and the plate-to-plate load resistance is nearly a short 
Cieul t. 

The correct value of load resistance can be obtained for many different 
combinations of coupling-line position and output-tap position. The 
optimum adjustment is obtained by locating the coupling line as near as 
possible to the plate Ine and placing the taps relatively far from the 
shorting bar at the position that yields the correct load resistance. One 
reason for using this adjustment 1s that the loaded Q of the coupling line is 
made small, thus reducing the circulating currents and loss in this line. 
A second reason concerns the effect of load on frequency and is discussed 
in Art. 10. Observe that the coupling loop and two coaxial-line stubs otf 
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Ing. 264 may be thought of as a distorted half-wave line with tap con- 
nections for the load. Thus the output systems of igs. 264 and 27A are 
very sinilar, and a high-Q output circuit is to be avoided in Fig. 26 for the 
same reasansas in Ie. 27. 

In single-tube oscillators employing coaxial-line tuners. couphneg probes 
are frequently emploved to connect. the output line to the resonator of the 
oseHlator. “Phe probe does not short-circuit the direct voltage that may 
exist between cylinders of a coaxial-line tuner, and the penetration of the 
probe into the resonator may be adjusted to control the oscillator loading. 

As an example of the use of a coupling probe, a» portion of the tuner for 
the plate-return oscillator of Fig. 7, p. 710. is redrawn in Fig. 28 with a 
coupling probe added to the eathode line. The probe penetration is 
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Fre. 28. Coupling probe for single-tube plate-return oscillator. 


adjusted by means of the screw fitting that connects the output line to the 
cathode line. The equivalent circuit in Fig. 28B for the cathode line and 
output circuit is based upon the probe equivalent developed in Art. 16 of 
Chap. LX. The ideal-transformer ratio a is the ratio of the probe voltage 
to the plate-to-cathode voltage of the resonator, and C, is the coupling 
capacitance of the probe. The ratio a may be determined by calculating 
the probe voltage from the effective length of the probe and the clectric- 
field intensity. Alternatively, a may be thought of as the product of two 
factors: (1) the ratio of the voltage between resonator conductors at the 
probe position to the plate-to-cathode voltage and (2) the fraction of the 
voltage between conductors applied to the probe by the capacitance- 
voltage-divider effect of the probe. 

If the probe capacitance is large, the reactance of C. may be negligible, 
so that (see Fig. 2856) the plate-to-cathode load resistance is R./a? in 
parallel with the loss resistance Rk. Increasing the penetration of the 
probe increases a, decreases /?,/a’®, and loads the oscillator more heavily. 
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Frequently, the reactance of C, is not negligible, and a shunt stub is added 
to the output line. By adjustment of this stub, resistor /, in Fig. 286 ts 
changed to an impedance having an inductive component that resonates 
with capacitor C,. If the probe is long or the termmating disk large, 
series resonance between the probe capacitance and the inductance of the 
probe stem may reduce the net coupling reactance. 

Oscillator output coupling frequently requires that balanced parallel- 
wire oscillator lines be joined to unbalanced coaxial output Imes, or vice 
versa. A method of employing a coupling loop in such a connection Js 
illustrated by Fig. 24. Other arrangements for balanced-to-unbalanced 
couplings are discussed in Art. 9, Chap. AIT. 

10. Effects of Load on Frequency of Oscillation. When adjustments 
are made in output-coupling circuits of an oscillator, it 1s usually found 





(B) EQUIVALENT PARALLEL CIRCUIT 
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Fig. 29. Oscillator output circuit with untuned coupling reactance. 


that not only the loading but also the frequency of the oscillator is 
changed. Sometimes the frequency varies smoothly as the adjustment is 
made; at other times a sudden jump in the frequeney occurs. Similar 
effects are obtained if the load impedance changes (as may occur if the 
oscillator is a radar transmitter because of antenna rotation). Smooth 
varlation of frequency with change of load impedance is sometimes called 
frequency pulling, and sudden jumps of frequency are known us frequency 
splitting. ‘he detailed effects of load on frequeney depend upon the 
particular output circuit used, but the principles involved may be 
explained by reference to two simple circuits. 

The first of these circuits is drawn in Fig. 294. The parallel combina- 
tion of L, C, and # represents the resonator of the oscillator, and R. repre- 
sents a resistance load connected to the oscillator through the coupling 
reactance \,. Such a circuit may arise, as explained in Art. 9, if the load 
is connected to an untuned coupling loop or probe or to taps near the 
shorting bar of an oscillator line. (The effect of the load is most easily 
seen if the series branch of Fig. 294 is replaced by an equivalent parallel 
circult (at the oscillator frequency), asin Fig. 29B. The influence of load 
upon frequency is evident from Fig. 29B, because the load-circuit react- 
ance .Y.{] + (?./X.)*] in parallel with L and C affects the resonant fre- 
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quency of the over-all cireuit, and the magnitude of this reactance Is 
altered when ?, is adjusted. Thus it is seen that, whereas frequency 
shifts may be expected to result from changes of load reactance, they may 
also be eaused by load resistance changes Ho coupling reactances are 
appreciable. 

Another important conclusion derivable from Fig. 29/ is that the load 


ion = Re } + (a) | 
ly. 


effective across the resonator can never, by 


resist OF 


adjustment of /?., be made less { ie Nel de, 
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minimum value 2N. for R, = N., and further Seer 


reduction of R. causes [ty {oO increase; i, be- 

comes an open circuit for Rk. = 0. Beeause of this effect, a large coupling 
reaetanee may prevent loading an oscillator sufficiently to permit the 
tubes to develop the full power output. To avoid this limitation, most 
of the output circuits of Art. 9 inclide tuning devices that may be 
adjusted for zero net reactance in series with the load. 

Use of series output tuning results in the circuit of Fig. 30, which 1s the 
second of the two circuits to be discussed. Either £, or Ce may represent 
unavoidable coupling reactance, the other clement being introduced 
deliberately to permit series tuning. If L, and C, resonate at fo, the reso- 
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Fic. 31. Susceptance-frequency curves for circuit of Tig. 30. 


nant frequency of L and C, 14 might appear that oscillation would oecur at 
this frequency and that loading in any desired degree could be accom- 
plished by adjustment of /-. Unfortunately, an attempt to load the 
oscillator heavily may result in an oscillation frequency different from fo 
and in reduced loading at the new frequency. 

Figure 31 is drawn to explain this shift of frequency. ‘The susceptance 
component B of the resonator-and-load-cireuit admittance G@ + jB (see 
Fig. 30) is plotted as a function of frequency in Fig. 81. Figure 314, 
which applies if Ff. 1s open-circuited, is the susceptance curve of the 
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parallel L-C resonator. If R. is large, but not infinite, the series-resonant 
circuit comprising L,, C., and R, has a low Q and adds the small suscept- 
ance 4, indicated by the dashed curve in Fig. 31B to the parallel-circuit 
susceptance. Adding the 4, curve to the curve of Fig. 314A yields the 
solid curve of Fig. 31B. The curve of Fig. 31C applies for a smaller value 
of &,. Susceptance B, is greater than in Fig. 31B and has more effect 
upon the over-all curve. The solid curve of Fig. 31D, applicable for 
fk. = 0, shows that, when #, is short-circuited, the resonator has two 
open-circuit modes of resonance (at f; and f:) and one short-circuit mode 
(at fo). 

For the conditions of Figs. 31A and B, oscillation occurs at the fre- 
quency fo, where Bb = OQ, corresponding to the parallel resonance of L and 
C. Similarly, for the conditions of Figs. 31C and D, oscillations can 
occur at either of the frequencies f; and fe, where the Lb, f curve indicates 
conditions similar to parallel resonance. Frequency fo corresponds to 
resonance of a series L-C circuit and is not a possible oscillation f requency. 

As . is decreased from larger values in an attempt to increase the load 
applied to the oscillator, the frequency of oscillation changes from fo to 
elther f; or f2 when the susceptance curve changes from the form of Fig. 
316 to that of Fig. 31C. The frequency shift prevents the desired 
increase of oscillator load because L, and C. are nonresonant at the new 
frequency and contribute a reactance in series with 2.. Operation in a 
condition corresponding to Fig. 31C is undesirable because smal] changes 
in the tuning of the resonator or output circuits can cause sudden jumps 
between frequencies f; and fo, 

In the interest of frequency stability, not only should the conditions of 
Fig. 31C be avoided, but also the slope of the B, f curve at fo should be 
made as great as possible. In this way the frequency shift caused by 
small tube and circuit changes (which may be considered equivalent to 
susceptances added in parallel with the resonator) 1s minimized. <A low 
impedance-level parameter ./L/C for the resonator is therefore desirable 
from this point of view, although high values of +/L/C are required to 
minimize resonator losses (see Art. 8). Tor a given resonator, the slope 
of the B, f curve near fois greatest if the Q of the L.-C.-R. circuit in Ere, 30 
is made as low as possible. For these reasons, adjusting a tuning element 
for series resonance of the output circuit is not sufficient to ensure opti- 
mum oscillator operation; minimizing the coupling reactance is also 
necessary. 

Lhe detailed effects of load upon oscillator frequency differ greatly 
from one circuit to another. The b, fecurves for the resonators may 
differ, as may the way in whieh reactances enter the output circuit. 
Hurthermore, in many oscillators the load influences oscillator frequency 
through its effect upon the feedback voltage. Increasing the loading of 
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an oscillator, in general, reduces the magnitude of the feedback voltage 
and thus decreases the amplitude of the plate-current pulses. The load 
may in addition influence the phase of the feedback voltage. ‘The platie- 
current pulses have been considered in previous articles to have only the 
effeet of sustaining oscillations. Tlowever, if the pulses do not occur 
exactly at the time of minimum plate voltage, they have also an effect 
upon frequency, and thus the influence of load upon feedback has an 
indirect. effeet upon frequeney. The effect of plate-current pulses on 
frequency is considered in detarlin Art. 4, Chap. XT, in connection with 
electrical tuning of klystrons. 

In order to specify the effects of load-impedance changes upon oscillator 
performance, it 1s necessary to select definite points in the oscillator eir- 
cult as the output terminals at which the load impedance is to be meas- 
ured. For uhf oscillators, customary practice is to designate a particular 
cross section in the output transmission line as the oscillator output. 
The load impedance may then be specified as a per-unit Impedance or as a 
reflection coeflicient at the output cross section. Tor a given set of 
adjustments of the oscillator frequency, feedback, and loading controls, 
the frequency and power output may be measured for various standing- 
wave conditions in the output line. The results may be recorded as a 
Rieke diagram or plot on a Smith chart of frequency contours (lines of 
constant frequency) and power-output contours (lines of constant power 
output). For oscillators in which frequent adjustment of internal con- 
trols is impossible. the Rieke diagram forms a convenient method of 
determining the power supplied to various loads and of predicting fre- 
quency-pulling and frequency-splitting effects. The Rieke diagram is 
useful in the study of anv high-frequency generator and, in fact, was first 
used with the magnetron. A magnetron Rieke diagram appears in Fig. 
36, p. 802, and the diagram is discussed further in the magnetron chapter 
(see Art. 10, Chap. XI). 

11. Grid-leak Bias in Oscillators. Vhus far in this chapter only the 
steady-state condition in which r-f oscillations are sustained in the reso- 
nator of an oscillator have been considered. Also of interest are the 
processes by which oscillations start when a continuous-wave oscillator 1s 
turned on and by which oscillations repeatedly start and stop during 
operation of a pulsed oscillator. The bias voltage developed across the 
erid resistor R, of any of the circuits in the preceding articles has an 
important effect upon the growth and decay of oscillation. 

Consider, for example, the tuned-plate oscillator of Pig. 3A. Suppose 
that the plate supply voltage is applied while the grid is short-circuited to 
ground so that a steady plate current flows in the tube, as shown in Fig. 
32. As soon as the grid short circuit is removed, oscillations begin, as 
indicated at time ¢; in the figure. Any transient disturbances which may 
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occur—noise currents, if nothing else—causce slight variations in the plate 
currents, which in turn produce a small oscillatory voltage across the 
resonant plate circuit. A portion of the plate-voltage oscillations is 
returned to the grid and causes additional variation of the plate current. 
If the feedback is sufficient, the oscillations grow in amplitude, as shown 
between times ¢, and éo. 

Since the grid voltage is positive during the peak of each cycle, grid 
current flows and produces a negative voltage across resistor R, in Fig. 
36. Because of capacitor C,, the bias voltage cannot build up 1mmedi- 
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Pic. 32. Growth of oscillations when grid capacitor is small. 
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ately; instead, as the capacitor charges, the magnitude of the bias 
increases along the curve shown dotted in Big. 32. If the capacitance of 
C’.1s very small, as is assumed in Pig. 32, the bias voltage builds up nearly 
as fast as does the amplitude of oscillations. 

Immediately after time ¢,, the plate-current oscillations are sinusoidal. 
As the bias voltage grows, however, a point is reached at which the tube 
is cutoff for a portion of each cycle, and the plate current flows in short 
pulses. At the very beginning of the oscillation, the tube operation is 
Class A, but because of the bias voltage, the operation changes through 
Class B to Class C. Since the voltage increases until the charge placed on 
C. by grid current at the peak of each cycle equals the charge lost through 
Rt, during the cycle, the final bias voltage may be adjusted to the value for 
most efficient operation by proper choice of ee 

The limiting values reached by the amplitude of oscillation and the bias 
voltage after the time f are determined by the amount of power consumed 
by the load, the magnitude of the feedback voltage, and the value of the 
erid-leak resistance. At first the pulses of plate current are larger than 
PEmMeSeaatiy losupply he output power,and the oscillktions tmerease in 
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amplitude. The bias voltage also increases and causes the duration of 
the current pulses to become continually shorter. Therefore less enereyv 
is added to the oscillations, and at time éy the conducting periods are so 
reduced that the current pulses are just sufficient to maintain constant- 
amphtude oscillations. 

The continuous steady oscillations that follow the initial growth period 
InN big. 32 are in part the result of the assumption of a small size for 
capacitor C.. Tfa large capacitor is employed, the oscillator may become 
self-pulsed or generate oscillations in short bursts, as indicated by the 
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hie. 38. Growth and decay of oscillations when grid capacitor is large. 


waveforms of Fig. 33. Initial conditions of zero grid voltage and steady 
plate current are assumed exactly as before, and oscillations begin at time 
¢; and grow in the same way. ‘The amplitude of oscillations inercases 
much faster than the bias voltage, however, because the large capacitor 
C, eannot be charged quickly. Therefore, in Fig. 33, the oscillations 
reach final amphtude (at time é2) before the gnid-bias voltage has built up 
appreciably. 

After time és, grid current continues to flow and to charge C,. There- 
fore, the grid wave is a series of oscillations about an axis that moves 
slowly downward. The plate-current wave becomes a series of pulses, 
and the duration and amplitude of these pulses decrease as the bias volt- 
age goes farther below cutoff. 

As the plate-current pulses decrease, a time (indicated as ¢3 1n Fig. 33) 
is reached at which the pulses are not sufficient to supply the power taken 
from the resonator by the load. Then the amplitude of oscillation 
decreases. Sinee the end-bias voltage can change only slowly, the 
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decrease of oscillation amplitude causes the conducting period to become 
an even smaller fraction of the cutoff period in each r-f cycle. Therefore, 
the tubes supply still less power, and the oscillations quickly die away 
altogether. Vhe grid voltage then consists only of the voltage stored on 
the grid capacitor, and the oscillator tubes remain cutoff until the capaci- 
tor discharges through resistor R,. 

Large values of C, can cause self-pulsing only if the grid resistor R, is 
large. With small values of R,, the limiting value that the grid-bias 
voltage approaches (see Fig. 33) may be near or even above cutoff. Oscil- 
lations reach a stable amplitude provided any tendency for oscillations to 
decrease causes a greater decrease of power consumed than of power sup- 
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Fig. 34. Coupling of modulator to plate-cathode circuit of triode oscillator (r-f oscillator 
components omitted). 


plied by the plate-current pulses. To ensure self-pulsing, ivg muse be 
large enough so that the limiting grid bias voltage is far below cutoff and 
C. must be large enough so that the bias voltage can change only slowly 
relative to the rate at which the amplitude of oscillation changes. 

12. Pulsed Oscillators. One method of pulsing triode oscillators is to 
apply the plate supply voltage in short pulses. A variety of modulator 
circuits capable of supplying the required high-voltage, high-current 
pulses are described in Chap. III. The basic features of circuits for 
coupling the power-amplifier tubes of a modulator to an oscillator are 
indicated in Fig. 34. These circuits do not include the r-f-oscillator 
components and may apply to any oscillator circuit. In Figs. 344 and B, 
C. represents a very small capacitanc®’ (the capacitance between a tuning 
line and the oscillator shielding, or an r-f by-pass capacitor). ‘Therefore 
C. permits rapid growth of bias voltage at the beginning of the pulse and 
does not cause self-pulsing. 
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The modulator power requirements may be reduced if pulses of voltage 
are apphed to the oscillator grid cireuit rather than to the plate cireuit. 
A modulator circuit of this kind emploving a cathode follower is indicated 
mn big. 85-1. Plate voltage for the oscillator is always present, but the 
oscillator tube is maintained cutoff between pulses by the negative volt- 
age fy. of the bias supply. As indieated by the waveform of Fig. 353, 
oscillations begin when the positive pulse from the cathode follower carries 
the grid voltage above cutoff. A erid-bias voltage develops rapidly across 
the small capacitor C,, and Class C operation is obtained during most of 
the pulse. The pulse ends when the eathode follower reduces the total 
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Fie. 35. Grid-pulsed oscillator. 


bias voltage far below cutoff, and e, then returns exponentially to /., as 
C’. discharges. 

Grid pulsing is not ordinarily employed with oscillator tubes having 
oxide-coated cathodes, because considerably higher plate supply voltages 
can safely be used if the plate voltage is applied only during the time of the 
pulse. With oscillator circuits for which grid pulsing is allowable, how- 
ever, even greater simplicity than the circuit of Fig. 35A can be obtained 
by the use of self-pulsing. Disadvantages of the self-pulsed circuit 
include the reduced oscillator efficiency resulting from changing condi- 
tions during the pulse and the very critical nature of the adjustments 
required for proper operation. 

A circuit diagram for a self-pulsed radar transmitter (r-f elements 
omitted) is drawn in Fig. 36. Self-pulsing is obtained, as explained in 
Art. 11, because of the large values of C. and R, employed—about 0.001 
to 0.1 uf and 1 to 10 megohms, respectively. A voltage pulse e, produced 
by the flow of cathode current in A; 1s used to synchronize the remainder 
of the radar set. Capacitor C; is small and serves only to by-pass r-f 
components of the cathode current. 

The waveforms of the grid voltage e, and the synchronizing voltage e;. 
are indicated in Fig. 37. The waveform of ec, differs from the e, wave in 
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Fig. 33, p. 739, only in that a pulsing cyele after steady-state operation 
has been reached is represented. Because capacitor C. was charged 
during the previous pulse, the grid voltage begins at a negative value 
below cutoff and rises exponentially toward zero. When it reaches ; 

voltage shehtly above cutoff, oscillations 





“bp begin and grow rapidly to the large 

sera Os amplitude indicated at A. Grid current 

“yuees causes the negative bias voltage to in- 

crease slowly in magnitude until the value 

Rg _— i, is reached at point B. At this point, 
, NIZING the plate current pulses become too small 

ouTPUT to sustain oscillations and oscillations 


cease, as explained in Art. 11. 
= The e, waveform of Fig. 37 is determined 
Hig. 36. Sell-puised oscillator @-F  ., the cathode current. The erid voltage 
components omitted). . © S 
rises past the cutoff value shortly before 
the pulse begms, a very small plate current flows, and therefore ¢; has a 
small value for a relatively long time. The plate current rises suddenly 
to a high value at the beginning of the pulse and then decreases as the grid- 
bias voltage builds up. The pulse of ¢, 1s therefore roughly trapezoidal in 
form. Note that the pulse duration is greatly exaggerated in both waves 
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hig. 37. Waveforms for self-pulsed oscillator of Fig. 36. 


of Hig. 37. Typical actual valueg for radar transmitting oscillators 
require the pulse to be only about a, thousandth of the total period. 
Capacitor C. and the resistor R, may be adjusted to obtain the desired 
pulse duration and repetition frequency. The size of the capacitor does 
not affect appreciably the shape of cither the charge or the discharge 
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curve for the capacitor: instead if determines a seale factor for the time 
axis for both these curves. Consequently, adjustments of the capacitor 
affect both the pulse duration and the repetition period, and both of these 
are changed in nearly the same ratio as the capacitance. Resistor /?, has 
ho appreciable effect upon the pulse duration, since the current through it 
during the pulse is a very small fraction of the grid current. Phe erid 
resistor does, however, control the repetition frequency, becanse it affects 
the time constant of the exponential discharge between prises. Some- 
times grid resistors in self-pulsed oseillators are returned to a Positive 
voltage rather than to eround. Changing the point of return affects the 
repetition frequeney but not the pulse duration. 

Adjustments of r-f components that atfeet the amphtude of the oscilla- 
tions also affeet the pulse duration and repetition frequency. For 
example, if the plate load resistance is decreased, or if the fraction of the 
r-f plate voltage returned to the grid is decreased. the amphtude of the 
oscillations obtained at the erid decreases. As a result, the gmd current 
decreases and the pulse length tends to Increase, since the smaller grid 
current takes longer to charge the capacitor. At the same time. however, 
the voltage £y, which the capacitor reaches at the end of the pulse, is 
decreased because the point at which the plate-current pulses supply less 
power than the load consumes is reached sooner. The decrease of E, 
tends to shorten the pulse and increase the repetition Hequency. © Dineto- 
fore, reduction in the amplitude of r-f grid voltage results in a higher 
repetition frequency and may produce a slightly longer or a shehtly 
shorter pulse. The duty ratio (ratio of pulse duration to repetition 
period) is increased. A decrease in the plate load resistance causes the 
average plate current to increase, both because the current during the 
pulse increases and because the duty ratio increases. 

Making adjustments upon a self-pulsed oscillator may cause the circuit 
suddenly to cease pulsing and to produce a continuous oscillation. Such 
a change may be caused by an increase of load, a decrease of supply volt- 
age, reduced feedback voltage, or a lower value of R,, or by any change 
that makes the oscillation weak so that sufficient bias voltage to end a 
pulse 1s not produced. The change to continuous operation causes a 
tremendous increase of average plate current in radar transmitters 
because of the large increase of duty ratio: therefore, the fuses or protec- 
tive relays used with all high-power oscillators are especially needed with 
self-pulsed circuits. 

A number of variations of the circuit of Fig. 36 have been used in radar 
transmitters. In some circuits a parallel R-C combination in the cathode 
circuit is used instead of C. and F, to build up the bias voltage that causes 
pulsing. Where the somewhat variable repetition frequency of a free- 
running self-pulsed oscillator is undesirable, a synchronizing voltage is 
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introduced into the grid circuit to make definite the pulsing period. 
Often oscillators make use of a trigger pulse from a modulator tube to 
start the r-f pulse and then end the period of oscillation because Or a Wied 
voltage accumulated on a large grid capacitor. Sometimes an artificial 
transmission line or pulse network is emploved instead of a grid capacitor 
in order that the oscillator may produce an r-f pulse having a more nearly 
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Fig. 38. Oscillator with artificial-line control of pulse duration. 


One circuit employing artificial-line control of the pulse is illustrated in 
Fig.38A. <Asindicated by the waveforms of Fig. 385, the oscillator tubes 
are maintained cutoff until the time of the positive trigger pulse from the 
cathode follower. Oscillations build up within the duration of the 
trigger pulse, and the resulting grid current initiates a wave on the arti- 
ficial line, the polarity of the wave being as indicated in lig. 384. This 
wave is reflected at the open end of the line, and the reflected wave on 
reaching the input end of the line causes a negative increment of grid 
voltage that ends the pulse. 


CHAPTER. XI 
KLYSTRONS AND MAGNETRONS 


The microwave counterparts of the triode oscillators of Chap. X are 
klystron loeal oscillators and magnetron transmitting tubes. The reflex 
Klystrons used in radar are small, moderately low-voltage tubes capable of 
supplying a few tens of milliwatts of high-frequency power at an efhiaency 
of a few per cent. Radar magnetrons are somewhat larger tubes that 
operate at very high voltages and require the use of rather cumbersome 
magnets. These magnetrons produce high-frequency oscillations mn short 
pulses of great power, often at an efhiciency greater than 50 per cent. 
Because of the serious limitations of triodes at frequencies in excess of 
1.000 AMleps, the suecess of microwave radar is in large measure due to the 
development of the magnetron and of the klystron-and-crystal form of 
superheterodyne reeciver. 

A. KLYSTRONS 


The distinguishing feature of klystrons is the special method by 
which an input voltage controls the movement of clectrons in the tubes. 
Instead of determining the number of electrons that move away from the 
eathode in each unit of time, the input voltage affects directly only the 
velocity with which the electrons travel. For this reason, klystrons are 
‘alled velocity-modulation or velocity-vartation tubes. 

1. Two-resonator Klystron.! The original type of klystron comprises 
an electron beam coupled to two cavity resonators. An input signal is 
applied to one of the resonators, and an amplified version of the signal 1s 
obtained from the other resonator. The tube functions as an oscillator if 
a portion of the output power is returned to the input. Although the 
two-resonator klvstron is not used in radar, it is of interest here as a con- 
necting link between the grid-return triode circuits of Arts. 6 and 7, Chap. 
X, and the reflex klystrons used as radar local oscillators. 

The components of a two-resonator klystron are shown in Tig. 1. ‘The 
cathode is part of an electron-gun structure for which the accelerator grid, 
the two resonators. and the collector electrode form the anode. Under 
the influence of the accelerating voltage /,.., electrons travel along the 


1W. C. Hann and G. F. Merca.r, ‘‘Velocity-modulated Tubes,” Proc. [ity 
97 (February, 1039), 106-116; R. HW. Vartan and 8. FL Vartan, “A High-frequeney 
Oscillator and Amplifier,” J. App. Phys., 10 (May, 1939), 321-327; D. L. WrERsrEr, 
‘“Cathode-ray Bunching,” J. App. Phys., 10 Gully, 1939), 501-508. 
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axis of the tube in a fairly well-defined beam. Some of the electrons are 
intercepted by each of the five grids, but many reach the collector clec- 
trode at the end of the tube. The input and output resonators are of the 
re-entrant form described in Chap. IX (see Fig. 15, p. 636) and may be 
thought of as capacitance-loaded coaxial-line resonators made short to 
obtain high natural frequencies. The flexible diaphragms and a tuning 
mechanism (not shown in Vig. 1) make possible control of the resonant 
{requencies by adjustment of the gap spacings. 

Lhe mput gap is analogous to the cathode-grid space of a triode in that 
put signals cause an electric field at this gap which brines about a varta- 
tion or modulation of the electron beam. In a triode, the electron beam 
See is density modulated; that is, a 

dense beam of electrons flows from 
cathode to plate when the erid 
GRID 4 voltage 1s positive, and few elec- 
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aay Cross section of a two-cavity by the field, and those which are in 

| the gap a half cvcle later are 
decelerated. Thus the stream of electrons leaving grid 3 is essentially 
uniform m density but comprises a succession of groups of fast and slow 
electrons. 

The advantage of the velocity-modulation process is that the electrons 
are accelerated before they reach the input gap, and therefore very short 
transit times are possible in gaps of appreciable width. In triodes, on the 
other hand, clectrous leave the cathode with nearly zero velocity and 
even at the grid attain velocities corresponding to acceleration by only : 
fraction of the plate voltage. In consequence, the transit time for even 
the exceedingly small eap (0.004 in.) of the Type 2C-40 lighthouse tube is 
too great for efficient operation mn the microwave region. 

An ll rent disadvantage of a teed is that the velocity-modu- 
lated beam, unlike a densityv-modulated beam, 1s not directly usable in 
the Sails, of output power. This difficulty is overcome by the use 
of a field-free drift space (see Fig. 1) in which the velocity-modulated 
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beam is converted to a density-modulated beam. Consider the electrons 
that traverse the input gap as the r-f field is changing from a decelerating 
held. through zero, to an aceelerating field. The deeclerated electrons 
that cross the gap first are overtaken by the electrons that pass the OAD 
when the field is zero, and the accelerated electrons that traverse the Pap 
last overtake the unaccelerated and the decelerated electrons. ‘Thus, im 


crossing the ditt space, the electrons tend to buneh, or to arrange them- 
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Iie. 2. Bunching process in a two-resonator klystron. 


selves in groups of increased density centered about the unaccelerated 
electrons. 

The bunching process may be followed in greater detail with the aid of 
the Applegate diagram! of Ing. 2. In this diagram the dots 1, 2, 3, and so 
on, represent mnstants at which electrons pass grid 8, and the lines are 
plots of the distance each electron has penetrated into the drift space at 
anv time after leaving grid 3. The lines are straight because the elec- 
trons move with constant velocity through the field-free drift space, and 
the slopes of the hnes are proportional to the velocities of the electrons. 
Thus the steep line for electron 7 in Fig. 244 may be correlated with the 
high velocity for electron ¢ in Fig. 24, and the less steep line for eleetron 
1 with the lower velocity of that electron. The convergence of the lines 


1A. E. Harrison, ‘‘Graphical Methods for Analysis of Velocity-modulation 
Bunching,” Proc. /.R.E., 33 (January, 1945), 20-32. 
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about the center-electron lines indicates the bunching process, the density 
variations at any position in the drift space being represented by the 
distribution of intersections between the slant Imes and a horizontal 
line at the position of interest. Thus, the distribution of intersections 
along the line at distance d¢ into the drift space indicates appreciable 
bunching, and optimum bunching occurs at the distance a. 

Because of the bunching in the drift space, the flow of electrons through 
the output gap is analogous to the flow of plate current through the grid- 
plate space of a triode. In fact, 1f optimum bunching occurs at the out- 
put-gap position, the klystron may be compared with a Class C amplifier 
—the electrons move through the output gap in short-duration pulses, 
only a few electrons traversing the gap mn periods between pulses. In a 
triode, both a-c and d-e field components are present in the grid-plate 
space, and the electrons simultaneously receive energy from the d-c field 
and deliver it to the a-c field. Ina klystron the two fields are separated. 
Electrons receive energy from the d-c source in the accelerated motion 
between cathode and grid 1. Part of this energy 1s delivered to the out- 
put-cavity oscillations when electrons are decelerated by the fields in the 
output gap. The remainder of the kinetic energy of the electrons is 
converted to heat when the electrons strike the collector electrode. 

Energy interchanges between electrons and resonator fields occur also 
at the input gap. Electrons accelerated in this gap recerve energy, and 
those decelerated deliver energy to the field. To the extent that elec- 
trons at the input gap (in contrast to those at the output gap) move in a 
stream of uniform density, as many electrons are accelerated as are 
decelerated, and the net energy gained or lost by the input resonator is 
zero. If the transit time for the Input gap is appreciable, some density 
modulation occurs within the gap, and an energy transfer from resonator 
to electrons results (vhich may be compared with grid loading in a triode). 
Loading of the input circuit is one reason for maintaiming a small transit 
time in the input gap. 

Another reason for maintaining small transit time, which applies to 
both input and output gaps of klystrons, 1s that the coupling between the 
electron beam and the resonators is decreased if the transit time is 
appreciable. An appreciable input-gap transit time reduces the amount 
of velocity modulation produced by a given r-f voltage at the gap, because 
no electron can receive Maximum acceleration or deceleration during more 
than a fraction of the time it isin the gap. Similarly, appreciable output- 
gap transit time reduces the power, delivered to the resonator by a given 
beam current, because an electron can be acted on by the maximum 
decelerating field during only a portion of the output-gap transit time. 
The net effect is as if step-down ideal transformers were interposed 
between the resonators and the electron beam. 
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Despite these effects the transit time for klystron gaps is usually of the 
order of half the period of the r-f oscillation. In the choice of gap spacings 
a compromise is made between the long transit, times obtained with wide 
spacings and the large intergrid capacitances that result. from narrow 
spacings. A large capacitance reduces the impedance-level parameter 
\/L/C for a resonator and therefore causes large circuit losses for a given 
v-f voltage at the gap (sce Arts. 6 and 13, Chap. IX). 

Krom lig. 24 it may be seen that the extent of the bunching obtained 
at any fixed position assumed for the output gap is a function of the r-f 
voltage at the input gap. Thus the lines of Tig. 24 are parallel and no 
bunching oecursif the input voltage is zero. — Increasing the input voltage 
increases the differences of slope among the lines and thus increases the 
r-f current at the output gap caused by density modulation. For small 
input voltages, the fundamental component of the output current. is very 
nearly proportional to the input-voltage amplitude, and the output-cur- 
rent to input-voltage ratio may be represented by a transconductance 
value analogous to the transconductance of ordinary amplifier tubes. — If 
the input-voltage amplitude is increased, the proportionality eventually 
fails; in fact the output current is hmited to the value corresponding to 
optimum bunching at the output gap and is reduced for input voltages 
greater than that for optimum bunching. 

The transconductance of a klystron differs from that of low-frequency 
tubes in that it can be varied over wide ranges through control of the 
accelerating voltage. Low accelerating voltages and long drift spaces 
produce appreciable bunching with small input voltages and thus provide 
high transconductances. The attainable transconductance is limited, 
however, because relatively high accelerating voltages are required for 
short gap transit times, and too long a drift space permits debunching 
(spreading of the electron bunches because of the mutual repulsion of the 
negatively charged electrons) to occur. Despite these limitations power 
amplifications by factors in excess of 100 are obtainable from klystrons at 
frequencies in the microwave region. 

The two-resonator klystron, nevertheless, is not useful as an r-f ample- 
fier in microwave radar systems. The veason is that the purpose of radar 
r-f amplifiers is to decrease the noise figure of a receiver by amplifying the 
signal before the noise of the mixer and first i-f amplifier is introduced 
(see Art. 17, Chap. VI). The klystron, unfortunately, is a relatively 
powerful noise generator and would increase rather than decrease the 
noise figure of the receiver. Two effects contribute to the high noise 
veneration in klystrons relative to low-frequency amplifiers. Noise in 
low-frequency amplifiers is the result of density modulation of the elec- 
tron stream emitted from the cathode, and this density modulation is 
considerably reduced by the smoothing-effect of space charge (Art. 16, 
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Chap. VI). One reason for the increased noise in klystrons 1s that the 
smoothing effect of space charge is considerably reduced because of the 
high frequency of operation and beeause of the intereeption effects of 
the several klystron grids. he other reason is that the thermal velocities 
with which electrons leave the cathode constitute a velocity modulation 
of the electron beam which is converted to density modulation during the 
traversal of the cathode-to-input-gap region, as well as in the drift space. 

The klystron of Fig. 1 can be made to oscillate if the output and imput 
coupling loops are joined by a coaxial line. The device thus obtained 1s 
very closely analogous to the grid-return triode oscillator of Fig. 18, p. 
722. Because of the feedback line, oscillations of the output cavity cause 
an r-f voltage at the input gap, and this voltage results in bunches of 
electrons traversing the output gap. These electrons contribute energy 
to sustain the oscillations, provided that the phase of the feedback is such 
that the majority of the electrons pass the output gap at the time of a 
decelerating field. A disadvantage of the two-resonator oscillator 1s the 
difficulty of adjustment. In order that sufficient voltage may be 
developed at the input gap to provide appreciable feedback, the input 
resonator must be tuned to very nearly the same frequency as the output 
resonator. Oscillations are then obtained only if the phase shift in the 
feedback line and the phase delay in the drift space are adjusted to pro- 
vide the correct feedback phase. The adjustment for oscillation is some- 
what simplified in the floating-drift-iube klystron, which employs (instead 
of the two resonators and feedback line) a single resonator having two 
points of entry, one at each of the klystron gaps. An even simpler oscil- 
lator, and one especially suited for use as a local oscillator, is the reflex 
klystron discussed in the next article. 

2. Reflex Klystrons. The reflex klystron! differs from the tube of 
Fig. 1 in that the output cavity is omitted and, instead of the collector 
electrode, a reflector electrode is placed a short distance from the single 
cavity that remains. ‘The reflector is maintained at a negative voltage 
of several hundred volts with respect to the cathode. Electrons that pass 
through grids 2 and 3 (see Fig. 1) therefore encounter a strong deceler- 
ating field. The electrons are slowed to a stop, accelerated in the reverse 
direction, and returned through the cavity grids toward the cathode. 
Because of a bunching process that occurs in the reflecting field, density 
modulation is present during the return passage through the cavity gap, 
and the single cavity performs the functions of both the input and the out- 


tJ. R. Pierce, “Reflex Oscillatorsyy Mi. 1.R.E., 33 (February, 1945), 112-118; 
Ii. L. Ginzron and A. E. Harrison, ‘Reflex Klystron Oscillators,” Proc. [.R.E., 34 
(March, 19-46), 97-118; D. R. Hnaeiiron, J. Ix. INNipp, and J. B. H. Kuper, Adysirons 
and Microwave Triodes, 311-526 (McGraw-Hill Book Company, Inc., New York, 
1948). 
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put cavities of the two-cavity tube. If the r-f energy extracted from the 
eleetrons on the return trip exceeds that lost in the eavity and in the 
velocity-modulation process, the excess enerey is available as useful out- 
put power and the tube functions as an oscillator. 

The bunching process that occurs mn the field between eavity and reflee- 
toris shgehtly different from the corresponding process ina field-free drift 
space. Eleetrons that are accelerated most in the inttial passage between 
the eavity grids penetrate farthest mto the reflection field and take longest 
to return to the eavity. ‘Thus a buueh is formed about an unaceelerated 
electron that traverses the enp at an instant when the r-f field is changing 
from the aecelerating to the decelerating direction. The slower electrons 
that leave the cavity after the instant of zero field intensity overtake the 
faster electrons that leave at an earlier instant. The eleetron motions 
may be likened to the motions of balls thrown upward against the gravita- 
tional field of the earth. A ball thrown with lugh velocity travels farther 
than a ball thrown with lower velocity and requires a longer time for the 
ascent and deseent. Thus the two balls may be made to return together 
i the throwme of the low-velocity ball is delayed an appropriate time 
interval after that of the Ingh-velocity ball. 

The reflex-klystron bunching process may be explained in more detail 
by means of an Applegate diagram that takes into account the effect of 
the reflecting field. Such a diagram is drawn in Fig. 3. The velocities of 
the electrons leaving the cavity are indicated in Fig. 3B, and the distance 
traversed by each electron is plotted as a function of time in Fig. 3A. If 
the reflecting field is uniform, the electrons experience a constant accelera- 
tion toward the cavity and the curves of Fig. 3.4 are parabolas. Electron 
4 leaves the cavity as the r-f field changes from the accelerating to the 
decelerating direction, and thus a bunch forms about this electron. 
Electron 3 leaves the cavity with higher velocity, penetrates farther into 
the retarding field, and returns to the cavity at essentially the same 
instant as electron 4. Similarly, electron 5 leaves with lower velocity, 
penetrates a shorter distance, and returns at essentially the same instant 
as electrons 3 and 4. 

The energy delivered by the returning bunch to the r-f oscillations of 
the cavity, and consequently the possibility of the tube functioning as an 
oscillator, depends upon the phase of the r-f oscillations at the instant 
that the bunch returns to the cavity. For maximum delivery of power, 
the field encountered by the returning electrons should be the peak value 
of the r-f field in the direction to decelerate the electrons. To produce 
this condition, the unaccelerated electrons (about which bunches form) 
should remain in the reflecting field for three-quarters of a cycle of the r-f 
oscillation or any integral number of cycles plus three-quarters. For 
example, in Fig. 3.4, the time in the retarding field is three-quarters of a 
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hoe 
cycle, and the bunch returns when the cavity feld has a maximum value 
in the direction to accelerate electrons away from the cathode. Such a 
field decelerates the returning bunch and gains energy from the electrons. 
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rhe time spent by the electrons in the reflecting field can be controlled 


by adjustment of the reflector voltage. 


lor a negative reflector voltage 


of large magnitude, the field is strong and the penetration distance short. 
Thus the three-quarter-cycle delay time corresponds to a large-magnitude 
negative reflector voltage, and the 1° 4, 234, 334, , times correspond 
to a series of reflector-voltage values of decreasing magnitude. Oscilla- 
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tions are thus obtained for a series of different reflector-voltage adjust- 
ments, and these different manners of oscillation are known as voltage 
modes of the klystron. The voltage modes should not be confused 
with resonant modes of the klystron cavity. Only one cavity mode is 
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Fire. 4. Construetion of typical reflex klvstrons. 


emploved, and the center frequency of all voltage modes is the same, cor- 
responding to the natural frequency of the cavity mode. 

After passing back through the cavity, most of the electrons have insuf- 
ficient energy remaining to return to the cathode. The electrons there- 


TABLE 1. REFLEX KLYystTRONS 


- ‘ oa all Beam | feflector | Power ree 
Type Frequency ing tuning 
: | current, | voltage, | output, 
No. | range, cps voltage, range, 
| ma volts MLW 
| volts per cent 
— | a 
214238770715 7 . 300 ZS —175 150 0.7 
726A | 2800-3100 300 22 —~160 | 100 ig 
ALTA | 2700-3300 © 1000 40 — 250 400 eeZ 
9125 723A/B !} 8500-9600 300 oe || B= G0 25 0.5 
OAS 8500-9600 300 22) EP. 160 30 0.5 
2150 23 ,300-24,700¢; 300 0.3 


lon let e100 15 


* Depends upon external cavity. Typical cavity can be adjusted by tuning screws 
or paddles over range of 2,500 to 3,800 Meps. 
1 Thermally tuned integral cavity. 
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fore either pass to the sides of the tube and return through the accelerat- 
Ing-voltage source or pass on to the control grid and back through its 
biasing source to the cathode. 

The construction and characteristics of typical reflex klystrons are 
indicated by the drawings of Fig. 4 and the data of Table 1. The table 
indicates, for each tube type, the ranges over which the oscillation fre- 
quency can be adjusted by change of the cavity dimensions and a set of 
typical operating conditions. Included in the operating conditions is the 
electronic tuning range which refers to the frequency shift that may be 
obtained by adjustment of the reflector voltage within a small range 
about the optimum value for the voltage mode in use. The power output 
decreases as the reflector voltage is altered from the optimum value, and 
the tuning range is measured between the half-power frequencies. The 
mechanism of electronic tuning is discussed in the next article. 

Lhe Type 707B klystron of Fig. 44 is an example of the use of an 
external cavity with a glass-envelope tube emploving disk seals for the 
cavity grids. The external cavity makes possible the use of the tube 
over a very wide frequency range but is in general rather bulky and 
inconvenient in radar-local-oscillator service. The Type 21X28 tube of 
Table 1 has electrical characteristics essentially identical with those of 
the 707B, but the glass envelope is somewhat shorter. 

The Type 21x25 klystron of Fig. 4B (see also Fig. 24, p. 38, in Chap. 
I) is identical, except for more rigid test specifications, with the Type 
423A/B and is very widely used as the local-oscillator tube in 3-cm radar 
systems. ‘The integral cavity is tuned mechanically by the adjustment of 
bowed struts. This adjustment tilts the top of the tube, flexes a portion 
of the upper wall of the cavity, and changes the spacing of the cavity 
grids. Output power is obtained from a small-diameter coaxial line 
occupying the position of one of the pins of the octal socket. The line is 
loop-coupled to the cavity and is terminated in a small antenna or probe. 
Ordinarily the tube is mounted so that the antenna projects into a 3-cm 
waveguide, thus forming a probe type of coaxial-line-to-waveguide junc- 
tion (see Art. 17, Chap. IX). The Type 726A tube of Table 1 is almost 
identical in external appearance with the 21X25 of Ig. 46. The cavity 
height is larger in the 726A, so that oscillations in the wavelength region 
of 10 cm are obtained, and the output line terminates in a fitting for 
connection to an additional length of coaxial line. 

The Type 2145 tube is similar in electrical characteristics to the 21X25 
but, as shown by Fig. 4C, is of rather, different construction because of the 
incorporation of a thermal tuning-mechanism to permit remote control of 
frequency. The upper portion of the tube is a triode in which the length 
of the plate changes when the temperature of the plate is altered by a 
change in plate current. he length of the plate controls the amount of 
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bow in the spring mounted above the plate, and vertical motion of the 
center of the spring is communicated by a yoke and two rods to the upper 
wall of the cavity. Thus the spacing of the cavity grids can be con- 
trolled through control of the triode grid voltage. The thermal tuning 
ean operate only slowly beeause of the time required for the plate to heat 
and cool, but in combination with rapid tuning over a small range by 
reflector-voltage adjustment, it makes possible complete control of the 
frequeney of oscillation, 

The ‘Pype 2150 klystron of Table | operates in the t-cm wavelength 
region and employs parts having very small and extremely accurate 
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Fic. 5. Power and frequency characteristics of reflex klystron. 


dimensions. Output is obtained through an aperture in the cavity and a 
tapered section of waveguide. Like the 21x45, the 2150 includes a triode 
section for thermal tuning. The 417A klystron is included in Table 1 for 
its general interest although, because of its relatively great power output 
and its small electronic tuning range, it 1s more useful as a low-power 
transmitter than as a local-oscilator tube. When operated with reduced 
accelerating voltage and beam current, this tube can produce sufficient 
power for local-oscillator service, but its size and small electronic tuning 
range make it less convenient to use than other tubes in Table 1. 

3. Characteristics of Reflex Klystrons. The variations of power 
output and frequency that occur as the reflector voltage /, of a reflex 
kIlvstron 1s changed are particularly important characteristies of the tube 
and may be represented by curves such as those of ig. 5. These curves 
are somewhat idealized versions of curves that may be obtained experi- 
mentally if the power and frequency of the oscillations are measured as 
the reflector voltage is varied from zero to a large negative value, acceler- 
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ating voltage and load remaining fixed. Oscillations occur only for 
certain ranges of the reflector voltage (corresponding to the voltage 
modes) for which the electron bunches return to the cavity in the proper 
phase to deliver energy to the cavity. 

The center points of the modes, labeled A, 6, C, and Din Fig. 5, cor- 
respond to reflector voltages for which the trme spent by electrons in the 
retarding field is exactly an integral number of cycles plus three-quarters 
of a cycle. <At these points the oscillation frequency is the resonant fre- 
quency of the cavity, and the power output is the maximum power of the 
mode. Observe the general tendency for the power output to be less and 
the frequency range to be greater for the modes of higher order. (The 
order of a mode is the integer to which three-quarters must be added to 
obtain the number of cycles spent by electrons in the reflecting field. 
Thus higher order modes oceur at lower 
magnitude reflector voltages and correspond 
to longer times available for electrons to 
form bunches.) 

The reasons for the shapes of the curves in 
Fig. 5 may be explained by reference to the 

GRID NEAR CATHODE equivalent circuit of Fig. 6. The resonant 
a circuit forre- cavity of the klystron is represented by a 

parallel L-C circuit, and a resistor R 1s added 
to account for the cavity losses, including the loading effect of the electron 
beam. The load coupled to the cavity is assumed, in this article, to be 
equivalent to a shunt resistor R,, and the current of the bunched electron 
beam returning through the cavity is represented by the current source 
[,z. In accordance with the discussion of Art. 13, Chap. LX, the current. 
source 1s connected in parallel with the equivalent circuit of the resonator, 
referred to terminals at the cavity grids. Note that the reference direc- 
tions in Fig. 6 are taken so that positive values of the r-f cavity voltage 
represented by /,, correspond to an electric field that accelerates electrons 
away from the cathode, and positive values of the current represented by 
/,, correspond to positive current directed away from the cathode or to an 
electron bunch returning toward the cathode. Under normal operating 
conditions, the waveform of the electron-beam current 1s by no means 
smusoldal but comprises a series of narrow pulses. The fundamental 
component of the wave is represented by the complex number J/,;; the 
other Fourier components produce inappreciable voltage between the 
‘avity grids and may be ignored. 

If the voltage /,, is zero, all electrons follow the same paths, no bunches 
are formed, and /,; also is zerd. If L,, has some small value because of 
noise or any transient disturbance, a slight tendency for the electrons to 
bunch occurs and the current J,; has a correspondingly small value. If 


GRID NEAR REFLECTOR 
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the reflector voltage is adjusted for operation at the center of a mode, J,, 
Is i phase with #,; and the power [/,;| |Z,,/| is supplied to the cavity. 
Provided the power loss to R and RF, is less than this amount, the r-f 
oscillations grow in amplitude because of the excess power supphed, and 
the larger value of 





iy,7| chuses an Increased tendency for the electrons to 
buneh and a larger value of |/,;/.. Thus the power supplied, as well as the 
power lost, increases as the oscillation grows. As long as |/,,| increases 
Im proportion to {/,;|, the excess of input power remains and the oscilla- 
tion amplitude continues to increase. 








The magnitude of ,, may be considered to control the position along 
the tube axis at which the electron beam is bunched to the greatest 
possible extent. For small values of |/’,,| the bunches are not completely 
formed until after the returning beam has passed through the cavity, 
and the underbunched beam in the cavity yields a small value of |/,,|: 
A larger value of [/,;| corresponds to optimum bunching at the position 
of the cavity and results in the largest: possible value of [/,;|. Still 
larger values of |/’,;| cause the bunches to form too soon and to spread out 
somewhat at the cavity position. The beam in the cavity is then over- 
bunched, and a decreased value of |/,;; results. This failure of [/,,| to 
mcrease indefinitely with increase of |/,;| limits the amplitude reached by 
the growing oscillations. Ordinarily some overbunching occurs in the 
final steady-state condition, the exact degree of bunching being dependent 
upon the adjustment of F,. 

If the tube is operated in a high-order mode, the electrons penetrate 
relatively far into the reflecting field and remain in the field a relatively 
long time. Thus a given degree of bunching is obtained with relatively 
low r-f cavity voltage. For operation in a low-order mode, a shorter 
bunehing time ts available and a larger r-f voltage is required to provide 
the same degree of bunching and the same value of [/,,;|.. The change in 
mode order is thus analogous to a change in the amount of feedback in a 
triode oscillator. The r-f cavity voltage corresponds to the plate voltage 
developed in a triode oscillator, and the current /,; produced by the 
bunching process corresponds to the r-f plate current produced because 
of the feedback connection. An increase in the mode order is equivalent 
to an increase in feedback because higher values of |/,;| are produced by a 
given voltage /,;. Correspondingly, it may be expected that oscillation 
may be impossible because of inadequate feedback in the lowest order 
modes, especially for low values of load resistance, and that the power 
output obtamable in high-order modes may be small because of the excess 
feedback present. 

If the same degree of bunching is to be obtained at the center point of 
each mode, different values of load resistance must be employed for the 
different modes, lower values of R; being required in the high-order modes 
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than in the low-order modes. If the load resistance is adjusted for a fixed 
degree of bunching, the power delivered by the electron beam decreases 
steadily with increase of mode order. The power output 1s less than the 
power delivered by the electrons because of the loss in &, and this loss 1s 
most important in the modes of lowest order. Thus the power 
output may increase from the lowest order mode obtamable to the next 
lowest mode, but ultimately the power decreases with increase of 
mode order. 

The curves of Fig. 5 apply for a fixed adjustment of load resistance. 
Therefore, in the high-order modes /?,, is greater than the optimum vaiue, 
a highly overbunched condition is obtamed, and the power output 1s 
reduced because not only j/,,;; but also {/,;| is small. In the low-order 
modes the power output is also reduced because ft; 1s smaller than the 
optimum value of load resistance. Usually several of the low-order 
modes can be made to appear or disappear in succession by adjustment 
of the load resistance. 

The curves of Fig. 5 indicate that a shift of the reflector voltage in either 
direction from the center pomt of a mode causes a reduction of the power 
output and a shift of frequency away from the resonant frequency of the 
cavity. These effects are the same as those obtained in triode oscillators 
if the phase of the feedback voltage is shifted so that the pulses of plate 
current do not occur at the instant of minimum plate voltage. An 
increase in the magnitude of the negative reflector voltage causes the 
electron bunches to return at an earlier instant and corresponds to a shift 
of the feedback phase m the leading direction; a decrease in the reflector- 
voltage magnitude delays the return of the bunches and corresponds to a 
lageing feedback phase. 

Both the klystron and the triode oscillators (see Art. 2, Chap. X) may 
be thought of m terms of a swinging pendulum sustained in motion by the 
application of a sharp pulse of foree once each cycle. If the pulse is 
applied at the mstant of maximum velocity (as the pendulum passes 
through its central position), the oscillations are sustamed with no effect 
upon frequency. If the pulse is applied at an earlier instant, it is slightly 
less effective in supplying power to sustain the oscillations, and at the 
same time it speeds the motion of the pendulum toward its central posi- 
tion and thus increases the frequency of oscillation. A pulse applied 
after the pendulum has passed its central position is also less effective in 
supplying power and decreases the frequency of oscillation by extending 
the swing that occurs after the pulse is applied. In lke manner, the 
power output of a klystron (or triotle} is reduced if the electron bunches 
move between the cavity grids (or through the grid-plate space) at an 
mstant when the decelerating field is not at its maximum value. The 
frequency is increased if the electrons traverse the field before the instant 





aT. 3) el VW COREL ATSIICS OF REF sais a ALY STRONS 199 


of maximum field intensity or reduced if the traversal occurs after the 
maximuim-feld instant. 

These effeets may be explained more direetly for the klystron in terms 
of Ig. 6 and the phase anele @ between the eurrent /,r and the voltage 
yg. The current may be resolved into components |/,,5 cos @ and 
Ty) sin 0. respec lively m= ophase and in) quadrature with i,,. ~ Chie 
In-phase component delivers power to the oscillations and must equal the 
total current supplied to Rand P,. The quadrature ¢ omponent ism the 
same phase as current in Lor Cy and the eireuit must operate at sucha 
frequency that the total current. supplied to Land C in parallel equals the 
quadrature component. At the center point. of the mode, the quadrature 
component is zero, the total current to and C must be zero, and reso- 
nant-frequeney operation occurs. For a larger magnitude negative 
reflector voltage, 7,,; leads Hy, and the quadrature component. has a lead- 
Ing phase. Thus the leading current supplied to C must exceed the 
lagging current in L, and the frequency of operation is increased. At the 
same time, the in-phase current |/,;| cos 6 is decreased, so that the power 
Output ts less. 

The decrease of voltag ained as the power output is reduced by 
shift of the reflector voltage from the value at the mode center alters the 
bunching conditions. Ina high-order mode, the electron beam is strongly 
overbunched at the mode center, so that a tendency for |/,;| to increase 
with decrease of |/;| extsts, and a large phase angle between J,, and is 
can be introduced by reflector-voltage change before appreciable loss of 
power occurs. ‘Thus large values of the quadrature current component 
J,;| sin 6 may be obtained, corresponding to large frequency shifts or a 
wide electronic tunmg range. In a low-order mode, on the other hand. 
appreciable overbunchimg is not present even at the center of the mode. 
and a small phase angle between /,, and /,,; reduces the power output 
greatly. ‘Thus the electronic tuning range decreases with decrease in 
mode order. 

The effect of changes m | 2,;| upon the formation of bunches is associ- 
ated also with the asymmetry of the low-order modes noticeable in Fig. 5. 
If the reflector-voltage magnitude is increased, the shorter time available 
m the retarding field adds to the effect of reduced |/,;| in decreasing the 
tendency of the electrons to bunch. If the reflector-voltage magnitude is 
decreased, the longer time in the retardmeg field partly offsets the effect of 
reduced |£,,;|.. Thus the power output falls less rapidly for the decrease 
of reflector-voltage magnitude, and each mode ts wider on the low-fre- 
quency side of the center point than on the high-frequency side. The 
asymmetry 1s noticeable, however, only in the low-order modes because 
the percentage change in bunching time that can occur within a high-order 
mode 1s negherble. 
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4. Electronic Tuning, Hysteresis, and Load Effects. [or use as the 
local-oscillator tube in a radar receiver, a klystron need not supply large 
amounts of power but should oscillate at a frequency that is stable and 
easily controlled. Output power in excess of 20 mw is available from 
most reflex klystrons (see Table 1, p. 753), and this power is sufficiently 
greater than the power required by a mixer crystal to permit use of loose 
local-oscillator coupling and therefore to prevent loss of signal power to 
the oscillator (see Art. 28, Chap. VI). Frequency stability depends upon 
the reduction of frequency shifts caused by supply-voltage changes, by 
load changes, by ambient-temperature changes, and (in air-borne equip- 
ment) by atmospheric-pressure changes. Regulated power supplies are 
customarily employed, and the loose coupling of the oscillator 1s of 
assistance in making the frequency independent of mixer-circuit imped- 
ances. Considerable effort is expended in klystron design to provide 
cavities and tuning mechanisms that are as nearly as possible unattected 
by temperature and pressure changes. Despite these precautions, 
changes of klystron frequency do occur during operation; and to counter- 
act these changes as well as changes of transmitter frequency, automatic- 
frequency-control circuits are employed (see Art. 30, Chap. VI). In 
order that the afe circuits may function properly, as well as to permit 
convenient manual frequency control, the frequency of a klystron local 
oscillator should be smoothly adjustable over a wide range by means of 
reflector-voltage changes. 

The need for a wide electronic tuning range suggests the use of a voltage 
mode of high order. However, if a mode of excessively high order is 
selected, the power available is too small even for local-oscillator apphea- 
tions, and a compromise between wide range and power is necessary. 
Use of a very high-order mode is undesirable also because the noise output 
of a klvstron is essentially the same for all voltage modes. Thus the 
closer coupling to the mixer required with high-order, low-power modes 
increases the noise at the crystal and increases the receiver noise figure 
(see Art. 17, Chap. VI). Ordinarily a mode of order 2 to 4 (corresponding 
to a time of 2°4 to 434 cycles in the reflecting field) is found suitable. 
The width of the tuning range depends not only upon the mode employed 
but also upon the design of the klystron cavity. A wide spacing between 
cavity grids results in a very small capacitance C in the equivalent circuit 
of Fig. 6 and a correspondingly large value of L. For such a circuit, the 
frequency shift provided by the quadrature current |/,;| sin @ 1s large and 
wide tuning ranges are possible. Here, again, however, 2 compromise is 
necessary, because excessively wide gaps result in long transit times and 
make the quadrature current less effective in producing a frequency shift. 
Ikslectronic tuning ranges (between half-power frequencies) of about 0.5 
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per cent of the center frequency are usual in loeal-oscillator klystrons (see 
Table 1, p. 758). 

Of interest in addition to the width of the tuning range js the rate at 
which tuning oecurs, or the slopes of the frequency curves in Fig. 5. This 
{tuning rate depends upon the mode used, varies from one point to another 
Ina mode, and (as is to be explained) is also a funetion of the lord imped- 
ance emploved. In lO-em tubes, the tuning rate is usually about 0.5 
Meps per volt, and for 3-em tubes, 2.0 Meps per volt is a typieal feure. 
Although this dependence of frequency upon voltage is desirable beeause 
it makes clectrome tuning possible, it is undesirable from the point of 
view of power-supply requirements. Ordinarily, the cavity is placed at 
ground potential, and negative voltages are supplied to both the ‘eathode 
and the reflector. Frequency shifts are caused by cathode-voltage 
changes as well as by reflector-voltage changes, the effect of eathode- 
voltage changes being about half as great as that of reflector-voltage 
changes and in the opposite direction. When automatic-frequency- 
control circuits are employed, it is possible to omit power-supply reeula- 
tion and to depend upon the afe circuit for correction of the resulting 
frequency shifts. This practice, however, reduees the range of electronic 
tuning available for correction of frequeney shifts arising from other 
causes, and close regulation of both cathode and reflector supply voltages 
is therefore desirable. 

For proper operation of frequency-control circuits, a smooth, uniform 
variation of frequency with reflector voltage is desired. Unfortunately, 
unless special precautions are taken in the design of the tube and in the 
choice of a load, power and frequency curves much more irregular than 
those of Fig. 5 may be obtained. In particular, an effect known as 
hysteres1s may be observed—-the power and frequency curves measured 
as the reflector voltage is zncreased through the mode may differ from cor- 
responding curves measured with a decreasing reflector voltage. 

One cause of hysteresis and mode asymmetry is a dependence of the 
phase of the current /,, 1n Fig. 6 upon the amplitude of the r-f voltage E,, 
rather than solely upon the direct voltage at the reflector. A small phase 
shift of this nature 1s inherent in the bunching process if the r-f voltage is 
large, and additional phase shifts may result in certain types of reflecting 
fields. Suppose that the center of a mode is approached from the nega- 
tive-reflector-voltage side so that oscillations begin with a leading phase 
shift 6 of /,; relative to L,,. Assume that, as the oscillations grow and 
|E,,| increases, 6 changes toward zero. ‘This change of @ favors the sup- 
ply of power to the oscillations, and a steady-state condition of strong 
oscillation is obtained. If the reflector-voltage magnitude is now 
increased, the oscillations continue bevond the point at which oscillations 
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first began because of the favorable shift in @ provided by the large value 
of |H,,|. Once oscillations begin to die away, they drop to zero amphtude 
suddenly, because, as |//,,| decreases, @ shifts to values less favorable for 
power supply. The net effect of this form of hysteresis is that at one 
edge of the mode reflector voltages fairly near the mode center must be 
applied to cause oscillations to start but, once started, the oscillations con- 
tinue for reflector voltages farther removed from the mode center. 

The asymmetry indicated in Fig. 5 and the asymmetry and hysteresis 
produced by a shift in phase associated with |#,;| changes are not par- 
ticularly serious difficulties from the point of view of electronic tuning. 
The asymmetries appear in the curves of power output and frequency as 
functions of reflector voltage, but the power output remaims a single- 
valued, symmetrical function of oscillation frequency. ‘The hysteresis 
appears only at the edge of a mode, outside the normal tuning range. 
Much more serious are the multiple-transzt effects that occur if some of the 
electrons are permitted to pass through the cavity more than twice. 

It would be desirable for all the electrons in the bunched beam return- 
ing through the cavity toward the cathode to be collected by the cavity 
prid near the cathode, the cavity walls, or the accelerating grid. Unfortu- 
nately, a few of the electrons continue toward the cathode and, having 
insufficient energy to reach the cathode, are reversed in direction of 
motion by the electric field and then are sent through the cavity a third 
time. Additional bunching effects occur in the cathode reflecting field, 
and the third-transit electrons provide conditions equivalent to operation 
in a mode of very high order. The phase of the third-transit bunches 
varies greatly with tiny changes of reflector voltages, and therefore 
multiple-transit electrons add ‘‘ripples’’ to the normal curves of power 
output and frequency. Associated with the ripples are hysteresis effects 
and frequency discontinuities throughout the mode. Because such effects 
make automatic trequency control impossible, every effort 1s made in tube 
design to minimize the number of electrons that make more than two 
transits. Sometimes a spike ts placed in the center of the reflector elec-. 
trode to distort the reflection field in such a way as to spread out the 
returning beam of electrons. 

Hysteresis effects and other tuning irregularities may be caused not 
only by electron motions within the oscillator tube but also by the nature 
of the load connected to the tube. Discussion thus far has assumed the 
load to be a resistance A, shunted directly between the cavity grids in 
the manner of ig. 6. Actually, the load is connected through a trans- 
mission line and coupling loop to the cavity. Reactance of the coupling 
loop may cause a dependence of oscillation frequency upon the load or 
may cause sudden jumps of frequency from one value to another, with a 
result very similar to that caused by multiple-transit hysteresis. The 
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effect of coupling reaetance is similar to that obtained in triode oscillators, 
discussed in Art. 10, Chap. X. A long transmission line between the 
coupling loop and the load may cause similar effeets if standing waves are 
present, as also may reactive elements in the load or discontinuities along 
the line. 

To avoid undesirable effeets of the mixer circuit upon the local-oscil- 
lator frequeney, the deviee that provides loose coupling between the 
oscillator and the crystal usually imeludes an attenuator. For example, 
Ina coanial-line system, the line from the oscillator may be terminated in 
a resistance disk matched to the characteristic resistance of the line. The 
center conductor extends through the disk as a probe to supply local- 
oscillator power to the erystal, but the majority of the klystron power is 
dissipated in the resistance disk, and the klystron is unalfeeted by the 
small current delivered to the probe. ‘Pypieal mixer-circuit designs are 
considered in detail im Art. 16, Chap. NII. 


B. MAGNETRONS 


The name magnetron is applied to tubes of several rather different types, 
all of which make use, as the name implies, of a magnetic field in the space 
through which electrons move. The particular type of magnetron 
employed in radar transmitters is often called a resonant-cavity magnetron, 
and this type alone is discussed here.!. Radar magnetrons have the basic 
form of a cylindrical diode, the maguetic field being applied in a direction 
parallel to the axis of the cathode and anode cylinders. The anode is 
made from a copper block, and its internal surface is separated into a 
number of segments by holes in the block that function as cavity reso- 
nators. Because radar magnetrons must produce power in short pulses of 
tremendous amplitude, the tubes are designed for high voltage and high 
‘athode emission. Cooling requirements are reduced because of the long 
idle periods available between pulses. 

9. Magnetron Construction and Type Numbers. ‘The gencral features 
of radar magnetrons may be explained by reference to a particular 
examplex A typical magnetron for use in 10-cm systems is the Type 
2J32, shown in a cutaway view in Fig. 7A. The magnet used with this 
tube is pictured in Fig. 76. In use, the metal portion of the tube is 
fitted between the pole pieces of the magnet in such a way that the mag- 


1 For brief descriptions of other types of magnetrons and for references concerning 
them, see J. B. Fisu, H. D. Hacstrum, and P. L. Harrman, “The Magnetron as a 
Generator of Centrmeter Waves,” B.S.7.J., 25 (April, 1946), 167-348 (pp. 177-182 
discuss the various magnetron types), or G. B. CoLuins, Microwave AJagnetrons, 1-8 
(MeGraw-fHrll Book Company, Inc., New York, 1948). The remaining pages of these 
references contain detailed mnformation on the resonant-cavity magnetron. In 
Microwave Magnetrons, Chaps. 1, 7, 8, 9, and 19 are probably of greatest interest for a 
first reading. 
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netic field has the direction indicated by the arrow ® in Fig. 7A. The 
cutaway view shows the cylindrical cathode concentric with the central 
hole in the anode block, and the resonant cavities surrounding the central 
part of the tube are also visible. A coupling loop im one of the cavities 
connects to the inner conductor of a coaxial Hne from which r-f output 
power is obtained. Radial leads from each end of the cathode assembly 
permit connection to the cathode and heater. A heavy glass support for 
the heater-cathode terminals prevents mechanical damage to the cathode 
assembly. Ordinarily the assembly, consisting of anode, cooling fins, 
and output-line outer conductor, is grounded, and high-voltage negative 
pulses are applied to the cathode lead. 
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Fie. 7. Type 2J32 magnetron and magnet. 


The hole-and-slot form of the resonators in the anode block is shown 
more clearly by the sectional drawings of Fig. 8. Additional details of 
the magnetron construction may also be observed in this figure. The 
anode straps comprise metal rings located in slots at each end of the anode 
block and connected to alternate segments of the block. As explained 
mn detaul in the next article, strapping of the anode contributes in an 
Important way to the efheiency of the magnetron. ‘The disks at the ends 
of the cathode serve to confine the electrons to the interaction space 
between cathode and mner surface of the anode. The quarter-wave 
chokes on the heater leads prevent the escape of r-f power to the heater 
and modulator circuits, because the nearly infinite input impedance of a 
quarter-wave sleeve appears 1n series with each heater lead. 

The magnetron is comparable to either a triode oscillator or a klystron 
in that it contains (1) a frequency-determining resonator and (2) an 
interaction space in which electrons move through the r-f field of the 
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resonator, contribute energy to the resonator, and sustain the oscillations. 
In the magnetron, the resonator takes the somewhat complicated form 
of the anode block in Fig. 8, and the motion of electrons is influenced not 
only by electric fields caused by the direct anode-to-cathode voltage and 
the r-f resonator voltage but also by the magnetic field parallel to the 
axis of the cathode. The nature of the anode-block resonance is dis- 
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cussed in Art. 6, and the way in which the electrons are made to absorb 
energy from the d-c field and deliver energy to the r-f field 1s explained 
in Art. ¢. Before these explanations are made, however, it is appropriate 
to hst in Table 2 the type numbers of a selection of radar magnetrons and 
to indicate some of the differences in construction found among the 
rarious tube types. 

Observe that the tubes in Table 2 are arranged in groups. The tubes 
of each group have nearly identical operating characteristics and have 
oscillation frequencies lying within the small band assigned to the group. 
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TABLE 2. RADAR MAGNETRONS 





Typical operating conditions 





Frequency | | 








Type No. range, Pulse Pulse | Repeti-| Pulse mo Notes 
/ _ plate Flue 
Meeps power dura- tton fre-' plate : 
cur- density, 
output, f10n, quency, voltage, 
rent, gausses* 
kw [Ls cps kv 
amp % 
700A-700D 680-720 40) Dest) 1,000 12 “10 650 Unstrapped 
4J4i2 660-730 30 | = 2,000 12 g 650 Tunable 
728A-728J 900-970 260 1.0 1,000 21 20 1, Foo 
4551 900-970 285 1.0 | 1,000] 23 20 | 1,100 ‘unable 
4J21-4J30 1, 220-1 ,350| 440-470 Lp 1.000 | 22-23 40 | 1,200 | 
5326 1 , 220-1 , 350 600 1.0 12000 2 Ti 46 | 1,400 | Tunable 
2322-2334 2,700-3 , 333 200 LO 1,000 18 20 1,800 
TOGAY-706GY 
714 AY 2,720-3 ,320) 125-146 1.0 1,000 | 18 16 L, SOO—2 , 100, 
7TI8AY-718EY | | 
2J61-2J62 2,914-3, 100 70 1.0 1,000 12 12 1,500 Tunable 
4J31-4J47 2,700-3 , 700)/400-1,100} 1.0 500 25 | 45-65 2,900 
720A-720E 2 , 120-2 , 890 SOO 1.0 650 2 ao 2,600 
4J70-41)77 2, 700-3 , 700 600 Ors 400 26 58 25000 Tunable 
725A, 730A — |8,750-9,405 44 1. 08 [a Ons 2 10 5.400 
2J48, 2550 | 
Joe 2) 0 9 910-9 ,405 50 1.0 1,000 1? 124 3,390 Packaged 
Die 8 , 500-9 , 600: 40 10 @1,000 12 [2 ae 2.350 Packaged, 
| Tunable 


4J50, 4J52, 4378 19, 000-9 ,405) 110, 280 1.0 1,000 | 15, 22] 15, 27|4.950, 6,900] Packaged 


3J31 24 000 46 0.5 1,000 14 { 14 7.600 Rising sun 
3024 24,000 60 0.5 1, 000 15 15 8,000 Rising sun, 


| | | Packaged 
| 


* The gauss is a unit in the centimeter-gram-second system of units rather than an mks unit. It is 
used here, in accordance with convention, to specify the flux density provided by magnetron magnets. 
The gauss 1s 1/10,000 as large as the weber per square meter. A flux density of 2,000 gausses, for 
example, is equal to a flux density of 0.2 weber per sq m. 


Each group comprises a number of fixed-frequency magnetrons, as well as 
one or more tunable magnetrons, the tunable magnetrons being adjust- 
able to cover the frequency bands indicated. To a considerable extent, 
the construction of the Type 2J32 Ulustrated by Figs. 7 and 8 is typical of 
all the fixed-frequency tubes. The modifications required in tunable 
magnetrons are illustrated by the Type 5J26 of Fig. 9 and the Type 2J51 
of ig. 10.) The 5J26 is a Ingh-pawer, 25-cm magnetron having two 
circular straps at either end of the anode block. Tuning is accomplished 
by moving a circular member having a U-shaped cross section into or out 
of slots in the straps at one end of the anode. This adjustment affects 
mainly the electric field of the resonator and may therefore be thought of 
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as capacitive tunmg.. The 2J51 is a 3-em magnetron tuned by moving 
metal pins into or out of the resonator holes m1 the anode block. This 
adjustment affeets the magnetic field of the resonator and may be con- 
sidered to be inductive tuning. A third tuning method, employed in the 
4370 to 477 group of 10-em magnetrons comprises an adjustable exter- 
nal cavity coupled to one of the resonator openings mn the anode block. 
The magnet of the 2J51 tube of Fig. 10 is an integral part of the mag- 
netron rather than a separate unit like the magnet of the 2J32. The 
magnetron-magnet combination is often called a “packaged”? magnetron, 
and this designation ts used in Table 2.0 The integral construction per- 
mits a saving In magnet weight because a shorter air gap is possible; the 





Kic. 9. Cutaway view of Type 5J26 tunable, high-power 25-cm magnetron. (Courtesy of 
Bell Telephone Laboratories.) 


advantage of this construction is particularly great with 38- and Il-cm 
magnetrons because of the high flux densities required by these tubes. 

Where a separate magnet 1s employed, radial leads are required to 
connect the cathode and heater to the external terminals, as illustrated by 
the Type 2J32, Fig. 74. Mlagnetrons are designated as “‘right-angled”’ 
or ‘‘straight-through,’’ depending upon whether the radial cathode-heater 
connections are located 90 or 180 deg from the output connection. ‘The 
Types 725A and 730A tubes, for example, differ only in that the 725A (see 
Fig. 21B, p. 35, in Chap. I) employs the right-angled construction whereas 
the 730A is a straight-through type. If an integral magnet 1s used, the 
cathode and heater lends are usually arranged coaxially along the axis of 
the cathode and enter the tube through a hole in the magnet, as tlustrated 
ie ae): , 
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The majority of the magnetrons in Table 2 employ the same general 
form of anode resonator as does the Type 2J32, though differences in the 
arrangement of the straps and the shape of the resonator cavities occur 
from one resonator to another. Exceptions to the use of strapped reso- 
nators occur in the 700A to 700D tubes and in the I-cm tubes, Types 3J3 1 
and 3J21. The 700A to 700D tubes were designed without straps before 
the technique of strapping was invented. The I-cm tubes employ the 
rising-sun structure (visible in Fig. 11) in which alternate cavities of the 
resonator have different dimensions. ‘lhe manufacture of strapped l-cm 





Bic. 10. Cutaway view of Type 2J51 tunable 3-cm magnetron and magnet. (Courtesy of 
Bell Telephone Laboratories.) 

magnetrons 1s extremely difficult because of the small size of the parts. 
Use of the rising-sun resonator eliminates the need for straps and yields 
high efficiency in these tubes. 

The different output circuits employed in the various magnetrons are 
of interest. In the Types 2J32 and 5J26 a coupling loop located at the 
center of one of the resonator cavities is connected to an output coaxial 
line. A very simple form of coaxial connection is used with the 2J32, and 
some form of impedance-changing device must be connected between the 
tube and the output line, if the magnétron is to face its optimum load 
Impedance when the line operates with unity standing-wave ratio. The 
output system of the 5J26 is more elaborate. A tapered transformer 
section is included so that the magnetron is preplwmbed; that is. adjusting 
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the output line for unity standing-wave ratio automatically provides the 
optimum load impedance for the magnetron. <A choke joint (see Art. 2, 
Chap. NII) is provided to aid in the transfer of the high power of the 
Inagnetron without the losses or sparking that might oceur m a simpler 
junetion because of contaet resistance. 

In the Types 725A and 2J51 38-em tubes, coupling-loop and coaxial-hne 
output systems are again used. The coupling loops, however, are located 
at the end of the anode blocks and are sometimes called “halo”’ loops. 
These tubes are used in waveguide r-f systems and include probe-type 





Fig. 11. Cutaway view of Type 3J21 l-em magnetron and magnet. (Courtesy of Bell 
Telephone Laboratories.) 

coaxial-line-to-waveguide transitions. The lme-to-guide Junctions are 
designed so that the tubes are properly loaded when the output wave- 
guide operates without standing waves. <A simpler method of connecting 
toa waveguide is illustrated by the 1-cm magnetron of Ig. 11, the wave- 
euide in this tube being coupled by an aperture directly to a resonator 
cavity. A glass vacuum seal is placed across the guide, and an I's 1s 
provided closer to the resonator to permit proper magnetron loading with 
a flat output waveguide. 

6. Magnetron Resonators. ‘The space inside a magnetron, bounded 
by the anode block, end plates, and cathode assembly (see Fig. 8, p. 765) 
constitutes a cavity resonator. This resonator is rather different in form 
from any of those discussed in Chap. IX, but the basic phenomena of 
resonance—energy interchange betiween electric and magnetic fields and 


710 KALYSTRONS AND MAGNETRONS [Cuar. XI 


energy loss to imperfectly conducting walls—are the same in it as in the 
resonators of simpler shapes. Of importance to the operation of mag- 
netrons are the mode spectra of magnetron resonators and the field pat- 
terns associated with the various modes. 

The snnplest form of magnetron resonator is the unstrapped, sym- 
metrical resonator for which three typical anode-block cross sections are 
drawn in Fig. 12. The term symmetrical signifies that all the cavities in 
the block are ahke. The blocks may contain any even number of 
cavities. ‘lhe three parts of Fig. 12 illustrate anode blocks using hole- 
and-slol, slot, and vane types of resonator cavities, respectively. 

The modes of the magnetron resonator, like those of any other cavity 
resonator, cuffer in the complexity of the field-pattern variations along 





(A) HOLE-ANO-SLOT TYPE (8) SLOT TYPE (C) VANE TYPE 
hic. 12. Cross sections of symmetrical anode blocks. 


each of the three axes of a coordinate system. For the magnetron 
resonator, 1t 1s convenient to consider variations (1) along a circle sur- 
rounding the cathode, (2) parallel to the axis of the resonator, and (3) 
along radial lines from the cathode to the outer boundaries of the individ- 
ual cavities. Ordinarily the only modes of importance are those for 
Which the fields are uniform (except for end effects) along the axial 
dimension of the anode block and for which the electric field executes a 
quarter-wave radial variation from zero at the outer boundaries of the 
individual resonators to a maximum at the inner boundaries. Other 
modes occur usually in a much higher frequency range. An exception to 
this statement occurs for magnetrons having closed-end cavities. In 
these, the end spaces of Fig. 8 are eliminated, and a half-period axial vari- 
ation of field intensities occurs for the lowest frequency eroup of modes. 

For a four-cavity magnetron having open end spaces, the low-frequency 
modes have the field configurations sketched in Fig. 13. Actual mag- 
netron blocks contain more than fgur cavities, but the four-cavity reso- 
nator is discussed first because it ilMustrates the basic prineiples in a 
simple manner and can be compared with the four-conductor transmis- 
sion-line resonators used with ring oscillators (see Art. 5, Chap. X). The 
modes are identified by the number n, which signifies the number of 
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eveles of variation of the field quantities that oeceur around the cireum- 
ference of a eirele surrounding the eathode. “Phus, in Tig. 13.4, the fields 
are essentially uniform from point to pomt around the cathode, and the 
mode designation is nm = 0. Similarly, in igs. 138 and C, one and two 
eveles of field-intensity varintions, respectively, are encountered by a 
point moving around the eathode, and the respeetive mode designations 
aren = Landn = 2. Note that the four metal segments of the anode 
block may be considered analogous to the four conductors of the trans- 
mission-line resonator used with a four-tube ring oscillator. Thus the 





(A) neO (B) nz (C) n=2 


Fic. 13. Sectional views of four-cavity magnetron illustrating field configurations of low- 
frequency modes. 


n = 0 mode corresponds to the ring-oscillator mode in which the voltages 
of all four conductors are the same; that is, the four line conductors are 
“in parallel.” Similarly the n = 1 mode corresponds to push-pull- 
parallel operation in which the voltages of two conductors are in phase 
and 180 deg out of phase with the voltages of the other two conductors. 
The 2 = 2 mode corresponds to the ring mode of the four-conductor line 
in which each conductor voltage is 180 deg out of phase with the voltages 
of the neighboring conductor. It is this last mode which is the desired, 
useful mode in magnetrons as well as in ring oscillators. Jt is often 
termed the « mode because of the z-radian (180-deg) phase change from 
one anode segment to the next. 
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for magnetron resonators having more than four cavities, mode desig- 
nation by names such as ‘‘push-pull-parallel”’ is awkward, but the number 
n, signifying the number of cycles of variation along a path around the 
cathode, can always be used to designate the modes. For a magnetron 
having any even number N of cavities, the modes correspond to n = 0, 
m=I,n=2,...,n = N/2, and the n = N/2 is the desired + mode 
for magnetron operation. For an eight-cavity magnetron, the n = 4 
mode is the t mode and has the electric-field pattern in the interaction 
space (the space between cathode and anode where electrons and fields 
interact) illustrated in Fig. 144. The pattern of the next-simpler mode 
(n = 3) of the eight-cavity magnetron is shown in Fig. 148. 
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Fie. 14. Interaction-space electric fields of elght-cavity magnetron. 


Lhe » = 0 mode is not employed in a resonant-cavity magnetron 
because the fields of this mode do not enter the individual anode cavities, 
and thus the cavities do not control the frequeney of the mode. The 
other modes, with the exception of the mode, are undesirable because 
they are degenerate (see Art. 4, Chap. IX); that is, each is 2 combination 
of two modes having identical resonant f requencies. The two component 
modes are present simultaneously, and the resultant pattern may take a 
variety of forms depending upon the relative amphtudes of the com- 
ponents. Il*or magnetron resonators, the various patterns of a degenerate 
mode differ only by a rotation about the tube axis. For example, for the 
n = | mode of Fig. 134A, the pattern is rotated 90 deg if different pairs of 
anode segments operate in parallel. A combination of two patterns 90 
deg apart yields a pattern shifted by less than 90 deg from the position of 
the figure. Similar rotations of the *n = 3 pattern of Fig. 14B are 
possible. . 

Degenerate modes are undesirable in magnetron operation, for one 
reason, because the load is ordinarily coupled to only one cavity of the 
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anode block. A rotation of the field pattern may reduee the fields in 
the loaded cavity to zero, thus preventing the tube from delivering output 
power. Another difficulty is that in actual magnetrons unavoidable dis- 
svmimetries among the anode segments cause the degenerate modes to 
separate mto two modes of shehtly different frequencies. Operation m 
either of these modes is then possible, but operation is not stable because 
the shehtest change may cause a shift to the other mode. Because the z 
mode is not degenerate, the position of the mode pattern being fixed by 
the loeation of the anode see@ments, it remains as the desired mode of 
operation, and in magnetron design provision must be made for prevent- 
ing the undesired modes from interfering with w-mode operation. 

An undesired mode causes interference with a-mode operation if its 
frequeney is very nearly equal to the frequency of the « mode. The 
movement of electrons in the interaction space is then able not only to 
sustam the m-mode oscillations but also to produce resonator voltages of 
lower amplitude in the pattern of the interfermg mode. The field in the 
interaction space is consequently distorted from the w-mode form, and 
the electron motions are altered in such a way that the efficiency of the 
oscillator 1s decreased. This effect oceurs frequently in magnetrons 
with symmetrical unstrapped resonators, because the frequency of the 
n = (N/2) — 1 mode often differs from that of the t mode by less than 
2 per cent. Adequate frequency separation of modes cannot be accom- 
plished simply through proper choice of cavity dimensions because other 
factors impose conflicting requirements on the cavity design. A large 
anode block is necessary because of the high output power involved, and 
small cavities are needed in order to produce high oscillation frequencies. 
The impedance presented to the interaction space depends upon the ratio 
of the width of segments between adjacent cavities to the width of the 
‘avity slots, and this ratio must be kept reasonably low. ‘Thus a large 
number of small cavities is required, with the result that undesired modes 
occur at frequencies very near that of the 7 mode. However, the fre- 
quency separation can be made 10 per cent or more, with considerable 
improvement in magnetron efhciency, through use of anode straps or a 
rising-sun type of resonator. 

Four methods of strapping are illustrated in Fig. 15. ‘The straps con- 
sist of wires of either circular or rectangular cross section connected to 
alternate segments of the anode block. In single-ring strapping (Fig. 
15C), all odd-numbered segments are joined on one side of the block and 
all even-numbered segments are connected at the opposite side. In 
double-ring strapping (Fig. 15D), both inner rings connect to odd- 
numbered segments and both outer rings join even-numbered segments. 
The straps may extend beyond the ends of the anode structure as shown 
in Figs. 154 and B, or they may be run in shallow slots as in Figs. 15C 
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and D. Embedding the straps in the block partially isolates the straps 
from the interaction space and thus minimizes the distortion in the 
interaction-field pattern caused by the presence of the straps. 

The way m which straps influence magnetron operation may be 
explained in terms of the additional reactive elements they introduce mto 
the resonator system. Because each strap can carry conduction current 
between the segments jomed, the strap has the effect of connecting the 
two segments through an inductance. Since a displacement current can 
also flow between a strap and a segment It passes over, each strap 1s 
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Fre. 15. Methods of strapping. 


coupled to a segment through a shunt capacitance. In the r mode, each 
strap Joms segments that are at the same voltage, so that only the shunt 
‘upacitance is important. This capacitance is effectively in parallel with 
the equivalent parallel R-L-C circuit of the resonator and hence reduces 
the frequency of the 7 mode and lowers the impedance level for this mode. 
For lower modes the inductance effect of the straps becomes important 
because for these modes the strap ends are at different voltages. The 
shunt-capacitance effect is simultaneously reduced because the voltage 
between a strap and the segment beneath it is less than for the z mode. 
The combined effect of strap inductance and capacitance is to reduce the 
resonator inductance, to imecrease its capacitance shghtly, with a net 
result of an increase in the lower ordér mode frequencies. Asa result of 
strapping, therefore, the resonant frequencies of all modes are shifted in a 
manner that increases the separation between the r-mode frequency and 
the frequencies of all other modes. 
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The extent to which strapping increases the frequency separation of 
the modes depends upon the strapping svstem used. Of the four methods 
Wlustrated m= tig. 15, double-ring strapping provides the greatest fre- 
queney separation between the w and the next lower mode. Unsym- 
metrical strapping, on the other hand, vields the least. improvement over 
an unstrapped resonator. Of the remaming two methods, single-ring 
strapping ts the more effective. 

Unwanted modes may be further suppressed by introducing an asym- 
metry into the strapping svstem. The asymmetry, which may be accom- 
plished by breaking a strap (asin Fig. 15/2) or by omitting a strap (as im 
Iie. 155), interrupts current flow im the strap, thereby distorting the 
patterns of unwanted modes and redue- 
ing the efhcieney with which energy 
is transferred from the electron stream 
to the modes. The amplitude of the 
oscillations of the unwanted modes 1s 
thus redueed. Sinee the only strap 
eurrent. flowing in the 7 mode arises 
from the displacement current between 
strap and anode segment below, a strap 
break has very little effeet upon the 7 
mode of operation. 

In the absence of strap breaks. 
dewenctse modes imay "assume @NY jag. 16. Risinesun type of res- 
angular position about the resonator — onator system. 
axis. Because these modes normally 
take up a position that vields least coupling to the output circuit, strong 
oscillations in these modes are possible. The asymmetry resulting from 
a strap break has the effect of separating degenerate modes into two dis- 
tinet modes of slightly different frequency. Because the angular posi- 
tions of the split-mode patterns are determined by the location of the 
strap breaks, it is possible to locate the output-coupling device so that the 
split modes are equally loaded. The damping provided by the load then 
aids in suppressing these modes. 

As indicated in Art. 5, strapping is not feasible in I-cm magnetrons 
because of the smallness of the anode structure. In the ]-cm region, the 
desired mode separation is achieved through use of the rising-sun type 
of resonator, consisting of an equal number of large and small cavities 
arranged alternately around the anode block (see Fig. 16). The effect of 
the two sets of resonators is to divide the modes into two groups. As 
alternate slots are made deeper, the resonant frequencies of modes 2 = 1 
through n = 4 become less than the frequencies of corresponding modes 
in the uniform-slot-resonator system. This shift in the mode spectrum 
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to lower frequencies indicates that oscillations are being controlled mainly 
by the deep slots. Modes n = 5 through n = 8 change frequency only 
slightly, thus indicating that these modes are controlled primarily by the 
shallow slots. The « mode (n = 9 mode) appears in the mode spectrum 
between modes » = 4 and n = § and is governed by both sets of slots. 
When the ratio of deep-to-shallow-slot depth 1s made approximately 2 
the + mode is well separated from the others and stable operation of the 
magnetron 1s obtarned. 

7. Electron Motion in Magnetrons. It is evident from the above 
discussion that multiple-cavity resonators serve to fix the oscillation fre- 
quency of magnetrons and hence play the same role nm magnetrons as do 
tank circuits in triode oscillators or snmpler cavity resonators in klystrons. 
This article discusses the manner in which electrons, moving in the inter- 
action space under control of elec- 





ELECTRON 


PATH OF MOVING 


tric and magnetic fields, contribute 
energy to the r-f fields in the 
cavities and thus serve to sustain 


oscillations. This process also has 
its counterparts in conventional 
triode oscillators and klystrons. In 
triode oscillators the resonant cir- 
cuit obtains energy from electrons 
moving from cathode to plate of 
the triode under the influence of 
the feedback voltage applied to the 
erid. In reflex klystrons energy is 
imparted to the cavity by electrons returning through the cavity under 
the influence of the repeller voltage. 

In order to gain an understanding of the way electrons move in the 
Interaction space of a magnetron, assume for the moment that r-f fields 
are absent and that only a uniform axiai magnetic field of density @ and a 
steady electric field of intensity § are present in the interaction space. 
The electric field may be considered to result from application of a posi- 
tive direct voltage e between anode and cathode of the magnetron. — If 
fringing fields at the anode segments are negligible, the magnetron 
becomes, in effect, a cylindrical diode with a magnetic field directed 
along the cylinder axis and an electric field extending radially inward 
from anode to cathode. The diode and fields are illustrated in Fig. 17. 

Consider, now, the behavior of a electron traversing a circllar path 
at Saar are velocity in the space between anode and cathode. 
Such motion is possible provided 2 mechanism is present to cause the 
circular motion and provided no resultant force exists to cause the electron 
to depart from its course, once started upon it. 





Rye bi; 
axial magnetic field 
electric field. 


Cylindrical diode with a uniforin 
and a direct radial 


As the electron of mass 


Arr. 7] ELECTRON MOTION IN MAGNETRONS eed 


mimoves along a eireular path of radius r with a linear velocity » tangential 
to the path, it is aeted upon by two radially outward forces. One is a 
centrifugal foree equal to me? r, and the other, due to the radial electric 
field. is eqnal to Q.&, where Q, is the charge of the electron. These two 
forees are opposed by a third force which results beeanse the moving 
electron constitutes a current in the magnettie field. The third foree has 
a magnitude equal to @Q.v and is normal both to the direction of motion 
of the electron and to the direction of the magnetic field. For clockwise 
rotation of the electron (counterclockwise current) and @ directed into 
the page, as in Fig. 17, the force is radially ward toward the cathode. 
Henee, for a given intensity of electric field and angular velocity, it 1s 
possible to choose @ so as to 


¢ PATH OF MOVING 
ELECTRON 


balanee the radial forces on the 
electron, thus permitting mt to be 
revolved undisturbed around the 
cnthode. If the eleetron is 
revolving midway between anode 
and cathode under the condition 
of hbalaneed radial forees. the 
relationship among forces 1s 

2me- 


RQ = QE + ; ont (1) 





Fig. 18. <An electron traveling in interaction 
space under the conditions assumed for Fig. 


. ’ 8 1S € e S a ae : . 
where 7, 1s the anode radius and 17 and in the presence of an r-f electric field, 


ro is the cathode radius. 

Suppose that cavities are now provided in the anode structure of the 
cylindrical diode, and assume that, while an electron is rotating about 
the eathode in the manner just described, the cavities are excited from 
an external r-f source that produces the instantancous r-f electric-field 
pattern shown in Fig. 18. If the electron arrives at point A beneath an 
anode gap at the instant the r-f field 1s at its peak value in the direction 
of the electron velocity, the field exerts a retarding force upon the electron, 
und consequently the electron gives up some of its energy to the r-f field. 
Furthermore, if the velocity of the electron is properly related to the fre- 
quency of the r-f source, it 1s possible for the electron to pass beneath each 
succeeding gap while the field at the gap is in the direction of the electron 
velocity. As the electron circles the cathode, therefore, it is able to give 
up energy continually to the r-f field. 

It might appear that. because the electron loses speed each time it gives 
up energy to the field, synchronism between the electron and field would 
soon be lost. This would be true were it not for the fact that, as the 
electron slows down, the radially inward force of the magnetic field 
decreases, thus permitting the steady electric field to urge the electron 
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toward the anode. The electron is thus able to regain its lost energy 
from the direct field, and in consequence, it rotates in a larger radius 
orbit, at essentially its initial velocity. Eventually the electron strikes 
the anode and is removed from the interaction space, but while in the 
interaction space it may be regarded as the means for transferring energy 
from the direct field to the r-f field. The external source of cavity excita- 
tion originally assumed is not necessary in normal magnetron operation, 
of course, because any r-f disturbance, such as that due to nvise voltages, 
is sufhcient to give rise to minute oscillations in the cavities. These 
osculations grow in amplitude at first and are then sustained at constant 

amplitude by the electron stream. 
Actual magnetron performance differs in a number of ways from the 
idealized operating conditions described 





ae above. In order to show how electrons 

WY lose energy to the r-f field, for example, 

x OA It Was necessary to assume that the 

x ' 8 electrons were initially circling the 
KK. * uthode with the correct angular velocity 
Vi D and phase to be retarded by the r-f 

x Up x held. In reality, electrons start almost 

: : ; from rest after being emitted from the 


cathode, and because the cathode emits 

‘ tH electrons uniformly over its surface, 

there are as many electrons in a position 

Fig. 19. Possible paths of an elec- to extract energy from the r-f field as 

ei ee ee there are to give up energy to the field. 

On the average, therefore, no net energy 

transfer would take place were it not that the motion of the electrons 
is modified as the result of their starting from rest. 

An electron with zero velocity at the cathode is accelerated racially 
toward the anode, and as soon as the electron starts to move, the mag- 
netic field exerts a force on the electron normal to its direction of motion. 
Lhe electron therefore traverses a curved path atter leaving the 
vicinity of the cathode, the amount of the cur ‘ature being dependent 
upon the relative intensities of the electric and magnetic fields. Three 
possible paths, corresponding to a fixed electric held and three different 
‘alues of magnetic field, are illustrated in ig. 19 for a nonoscillating 
magnetron. Curve A departs only shghthy from a radial line between 
‘athode and anode and is the result of a weak axial magnetic field, curve 
/ represents the path for a critical value of magnetic field at which the 
electron just grazes the anode, and curve C corresponds to a strong mag- 
netic field that causes the electron to bend back to the cathode before it 
reaches the plate. Because the magnetic-field force always acts normal 
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to the path of motion, it does not affect the energy of the electron. An 
cleetron traversing path C loses as much energy to the direct electric field 
while returning to the cathode as it gained from the field on its flight from 
the eathede. The eleetron arrives back at the cathode with zero Velocity, 
therefore, and immediately starts out upon another similar path. As 
time passes, the electron executes a series of tightly curved paths as it 
progresses around the eathode. 

Observe that tn absence of an r-f field either the direct electric field or 
the magnetic field may be used to control the anode current in the magne- 
tron. For a fixed value of anode voltage ¢, essentially the same anode 
current flows as the magnetic field is increased from zero to aeritienal value. 
At the eritical value of magnetic field. the anode current drops sharply to 
zero and thereafter no current flows as the field is further inerensed. 
Alternatively, if the magnetic field is held constant and the anode voltage 
Is Increased from zero, no current flows until e, reaches the critieal value 
that yields curved path B. For larger values of ¢,, the current remains 
constant, sinee all the eleetrons are able to reach the anode. 

Orbits simular to those of path C in Iie. 19 are of greatest interest in 
radar magnetrons. This path ts very nearly epieveloidal and may be 
thought of as being generated by a point on the rim of a wheel rolling 
around the cathode. The resultant motion of the point contains two 
components —one resulting from the rotation of the center of the wheel 
about the center of the cathode and the other from the rotation of the 
pomt on the rm about the center of the wheel. The first component 
corresponds to the uniform angular-velocity motion of the electron 
described in the idealized magnetron of Fig. 17. The second component 
is superposed on the first and is present because the electrons start 
initially from rest rather than with a fixed velocity, as assumed in Fig. 17. 

When an r-f field is present in the interaction space, the electrons move 
under the influence of the additional component of field, and conse- 
quently they do not traverse the approximately epicycloidal paths 
described above. The over-all effect of the r-f field is to cause the clec- 
trons to bunch into groups, the number of bunches depending upon the 
mode of oscillation and the number of cavities. In an cight-cavity mag- 
netron oscillating in the 7 mode, the electrons bunch into four uniformly 
distributed groups, and these bunches cirele the cathode at uniform 
angular velocity. In Fig. 20 concentrations of dots are used to represent 
the electron bunches. Because of the spokelike appearance of the over-all 
space-charge pattern, it 1s sometimes referred to as a “space-charge 
Wheel.’? The term “space-charge cloud” is also used to describe the 
Daebern . 

The reason bunching takes place is that some electrons leave the 
cathode at times and positions that cause them to be acted upon by an 
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accelerating r-f field whereas others leave so as to be acted upon by a 
decelerating r-f field. An accelerating field enables the electrons to 
extract energy from the field, and in consequence they gain speed. ‘The 
increase in velocity is accompanied by an increase in the magnetic-field 
force which causes them to bend back toward the cathode. After one 
small-radius excursion, these electrons are removed from the interaction 
space and hence extract no more energy from the oscillating field. Elec- 
trons that enter a decelerating field give up energy to the field, and in 
consequence they lose speed. The decrease in velocity 1s accompanied 
by a corresponding decrease in 
magnetic-field force, and hence 
these electrons move toward tne 
anode, at the same time regaining 
their lost energy from the direct 
field. During their stay in the 
mteraction space, therefore, these 
electrons serve to extract energy 
from the direct field and transfer 
it to the r-f field. As electrons 
leave the interaction space at the 
anode after a few oscillations, 
others enter the formation at the 
cathode and begin their excur- 


Fic. 20. Representation of the bunches of sions. ‘The electron bunches are 
electrons rotating within the interaction thus preserved. 
space of an eight-cavity magnetron oscillating Gece one Geant occ teneclent 
in the z mode. 

the magnetron because the elec- 
trons that find themselves in an accelerating r-f field are quickly removed 
from the interaction space after one short-radius excursion whereas those 
which encounter a decelerating field are able to remain in the field for a 
longer period and are able to transfer appreciable energy from the direct 
to the r-f field before finally reaching the anode. On the average, more 
energy 1s transferred to the r-f field from the direct field by the electrons 
reaching the anode than is extracted from the r-f field by electrons 
returned to the cathode. 

Lhe over-all space-charge pattern shown in Fig. 20 rotates about the 
cathode in synchronism with the r-f field and in a phase that enables the 
electron bunches to sweep past a gap at an instant of maximum deceler- 
ating r-f field at the gap. Within each bunch, however, electron motions 
are more complicated, and an exact calculation of the individual paths is 
rather lengthy and involved4 A rough idea of a typical path may be 





‘For a detailed discussion of the interaction of the electrons with the r-f fields 
of the resonator see G. B. Couns, Wierowave Magnetrons, 207-287 (MeGraw-Hill 
Book Company, Inc.. New York, 1948), 
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obtained if the scalloped orbits of curve C in Fig. 19 are unwrapped from 
the cathode and then extended from eathode to anode. Actual paths 
Include a series of tight loops of varying radius, as shown by the heavy 
hne within a buneh in ig. 20. 

An effeet that preserves the electron bunches and maintains them 
rotating at proper angular velocity is the phase-foeusing effeet of the r-f 
field. In lig. 21 consider an eleetron passing point -{ beneath a gap at 
the instant of a peak decelerating r-f field. An electron at. this point is 
acted upon by the direct radial electric field, the axial magnetic field, 
and the r-f field, which is tangential to the path of motion. These forces 
combine to keep the eleetron rotating at 
essentially the same angular velocity while 
It spirals toward the anode, giving up energy 
(o the r-f field in the process. An eleetron 
at pomt / at the same instant is situated so 
that. the r-f field exerts a radial foree that 


opposes the force of the direct field. Its angular ote Y orrection 
: ° * , . 5 P & a 
velocity is therefore reduced until it falls baelk in GT 
odo oc 1c Ona outer 


step with electron A. Similarly, an electron 4... 9. Tessier (oma 
ut pomt C encounters a ore er racial clec- trating phase-focusing effect 
tific field than the electron at 4A and con- 1 ™aenetrons. 

sequently rotates shghtly faster to maintain the group intact. 

Electrons that are excluded from the space-charge wheel return to the 
cathode and strike it with considerable velocity. Care must be taken, 
therefore, to prevent damage to the cathode through overheating. Usu- 
ally, the magnetron heater is connected so that 11 may be operated at 
reduced voltage after the magnetron has warmed up. 

8. Magnetron Characteristics. Thus far, the magnetron resonator 
and the behavior of electrons in the interaction space have been discussed 
separately. It 1s now desirable to consider the over-all performance of 
the magnetron and to relate its operation to the concepts presented in the 
preceding two articles. 

An important characteristic of the magnetron is the relation that 
exists, for various modes of oscillation, between the direct voltage apphed 
to its anode and the density of the magnetic field in the interaction space. 
This relation is represented graphically by the mode-line diagram of Fig. 
22. The diagram is divided into two regions separated by the curve 
labeled cutoff parabola. The region above the parabola corresponds to 
the conditions in Fig. 19 that yield the curved path -l, that is, to the 
combinations of e, and @ that enable electrons emitted from the cathode 
to reach the anode in absence of oseillations. The region below the cutoff 
parabola corresponds to combinations of e, and @ that cause electrons in 
the nonoscillating magnetron to pursue the approximately epicyeloidal 
path Cin Fig. 19. In absence of oscillations, no anode current flows in 
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the region below the cutoff parabola, and in the presence of oscillations, 
anode current flows only for certain combinations of e and &. 

That the boundary between the two regions 1s a parabola may be shown 
with the aid of curve B in Fig. 19. This curve represents the critical 
ey, ® combination that causes electrons to graze the anode in the absence 
of oscillations. Consider point | in Fig. 19, the pomt of tangency of 
curve $6 and the anode structure. At this point the radial component of 
velocity v, of the electron is zero, and the tangential component 0; is equal 
to the anode radius 7; multiphed by the angular velocity dé/dt, where 6 
represents anvular dis#iicee round the eathode. That is, », = 7, d6/dt. 

If it is assumed that the electron 
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where, as before, Q. represents the 
charge and m the mass of the 
electron. 

In order to introduce the effect of the magnetic field on the electron 
motion, the relation that torque is equal to the rate of change of angular 
momentum may be used. At any point along path B and at a radial 
distance r, the angular momentum of the electron is equal to its moment 
of inertia mr? multiphed by its angular velocity d6/dt. The rate of change 
of angular momentum ts therefore 


e me 249 
df dt 


At the same point, the torque is equal to the force fs acting normally to the 
radius arm r. This force is the component of the magnetic-field force 
acting in the @ direction and is duc to the radial-velocity component », of 
the electron in the presence of the magnetic field. This force is 


MAGNETIC-FLUX DENSITY 8 
Fic. 22. Mode-line diagram. 
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and the corresponding torque is 


for = Q.ar 2 
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Icquating the torque to the time rate of change of angular momentum 


vields the relation 
iD d do 
Og — = 2 
Cs a (» | ) 


Upon integration of this expression and substitution of the boundary 
condition that at the eathode (x = re) the angular velocity is zero, there 
results for angular velocity at pomnt Fin Fig. 19 the relation 


dd a GG a fae 
di an y= 


If ® has the particular value @,, to yield the cutoff, or grazing, condition, 
the kinetic-energy expression becomes 


l . do\” | _ Cee, | oe \ | 0 
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The parabolic relation between @,, and ¢ is thus proved. 

In Fig. 22 the lines indicating modes of oscillations (and hence anode- 
current flow) beneath the cutoff parabola correspond to combinations of 
e, and @ that permit the electrons in the space-charge cloud to circulate 
about the cathode in synchronism with the r-f fields associated with the 
cavity oscillations. Several expressions differing by a constant factor 
may be derived for the mode lines, the exact nature of the expressions 
depending upon the initial assumptions made in the derivation. One 
approach is to equate the mean-angular-velocity component of motion of 
the space-charge cloud to the angular frequency of the r-f oscillations.' 
If the space charge as a whole circles the cathode at uniform speed, 1t may 
be assumed that electrons midway between anode and cathode are acted 
upon by radial forces that are related in accordance with leq. 1. It the 
rough approximation is made that direct electric-field mtensity & 1s equal 
to en¥(11 — To), Eq. 1 becomes 


and 


a = 


Ch Dp 
finn 19 ry + r9 


BOQ ot = (J, (3) 





In order for these electrons to remain in a decelerating r-f field their 
angular velocity must equal the angular frequency of the component of 
1 Other approaches and the corresponding expressions are discussed mn J. B. Fisk, 


H. D. Hacstrro, and P. L. Harrman, ‘The Magnetron as a Generator of Centimeter 
Waves,” B.S.7.J., 25 (April, 1946), 196-197. 
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r-f field with which they are interacting. Hence, if f, denotes the com- 
ponent frequency and /& the number of cycles of the component field 
around the cathode, their mean angular velocity w must equal 27f;,/k 
radians per sec. The corresponding mean linear velocity v is 





r T9 . 
ee a (ae) (4) 
2 k 
Substituting the expression for v in Eq. 4 into Eq. 3 and solving for e, 

yields 
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According to Eq. 5, the mean angular velocity of the space-charge cloud 
is in synchronism with the r-f field of a mode only for the specific com- 
binations of e, and @ that satisfy the equation. It is also evident from 
Eq. 5 that for any integer 4, @ and e are linearly related. Thus if 
k =n = N/2, the locus is the lowermost straight line in Fig. 22. 

In terms of Fig. 22, the magnetron might be expected to perform in the 
following manner as its anode voltage is increased from low values and 
the magnetic field is held constant at a moderately high value. For low 
values of e,, anode current is cutoff and no oscillations are obtained. 
When the n = N/2 line is reached, oscillations in the s mode build up and 
anode current flows. At this point the space-charge cloud circles the 
cathode relatively slowly, since V/2 periods of oscillation are available for 
the electrons to make a complete revolution. A higher value of e, causes 
the electrons to rotate too fast for synchronism with the resonator fields, 
and oscillations cease. Still higher values of e, yield synchronism for the 
‘next lower mode number n = (N/2) — 1. In this mode the space-charge 
cloud revolves about the cathode faster than before, since it must make a 
complete revolution in one less period. As e, is further increased, alter- 
nate regions of no oscillation and oscillations in successively lower mode 
numbers are encountered, until e, is so large that the region of steady 
anode current is entered. All possibility of oscillations is then lost. 
Observe that for very low values of ®, no oscillations are possible either, 
the cutoff parabola being reached before synchronism with an oscillatory 
mode is obtained. 

Although the magnetron performs in a general way in the manner just 
described, in actual operation it is found (1) that modes can be excited 
for combinations of e, and @ other than those which determine the mode 
lines in Fig. 22 and (2) that oscillatidvis can be sustained in a region about 
a mode line and are not limited to points exactly on a line. Because of 
these effects overlapping of modes may be observed, more than one mode 
heing possible for a particular combination of e, and ®. The first effect 
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may be explained in terms of Fig. 144, which shows the r-f field pattern 
of an eight-cavity resonator operating in the 7 mode. Near the cathode 
the tangential component of r-f field & varies nearly sinusoidally with 
angular position about the cathode. If an eleetron in the interaction 
space follows a circular path close to the cathode, therefore, it reacts with 
this sine variation of field. Tf the eleetron follows a path near the anode, 
v tangential eleetric field in the form of a series of nearly rectangular 





(B) &, IN REGION OF ANODE 


Fig. 23. Approximate distribution near anode and cathode of tangential component of r-f 
field of an eight-cavity magnetron oscillating in the w mode. 


pulses would be encountered. The pulse-shaped field near the anode 
results from the alternations of gaps and segments around the anode 
structure. Opposite the segments & 1s essentially zero; opposite the gaps 
it is either maximum or minimum. Figure 23 shows the eight-cavityv 
anode structure in developed form and the approximate forms of the &, 
waves in the vicinity of the cathode and anode. 

The pulselike waveform of Fig. 23B can be resolved into Fourier com- 
ponents consisting of a fundamental component and odd harmonics. 
Even harmonics are absent because the symmetrical anode structure 
yields uniformly spaced positive and negative pulses of equal amplitude. 
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Oscillations obtained when operation is on the n = N/2 line in Fig. 22 
correspond to rotation of the space-charge cloud in step with the funda- 
mental component of the & wave in Fig. 2326. Oscillations in then = N/2 
mode may also be sustained if the cloud rotates at one-third the angular 
velocity required for synchronism with the fundamental component, for 
the electrons are then able to keep in synchronism with the third-harmonic 
component of the & wave and deliver energy to the mode through this 
component. Similarly, if the electrons travel at still slower discrete 
speeds, they will be able to excite the mode through reaction with the 
fifth harmonic, seventh harmonic, and so on. 

Excitation of the « mode of an eight-cavity resonator is ordinaril 
accomplished by electrons traveling at an angular velocity correspondin 
to the frequency of the fundamental component of the r-f field, excitation 
through interaction with higher order components being rather inefheient 
because of the relatively low amplitudes of these components. It is quite 
possible, however, that electrons, while interacting with the fundamental 
of the + mode, may be rotating at a speed that allows them to interact 
with a higher order component of another mode. Energy may thus be 
imparted to the second mode, and the modes mav exist simultaneously. 
Consider the n = 3 mode of an eight-cavity resonator (see Fig. 148). 
Electrons circhng near the cathode encounter essentially a smmusoidal dis- 
tribution of tangential v-f field us before, but the field now comprises three 
cycles instead of four. The upper sketch in Fig. 24 represents the dis- 
tribution of the &, field near the cathode at a given instant. At the same 
instant, electrons in the vicimty of the anode encounter a pulse-type 
distribution of &, but as indicated in the lowermost sketch of Fig. 24, the 
pattern 1s more compheated than the corresponding a-mode pattern. 
Because the anode block has the effect of reducing the tangential com- 
ponent of the r-f field to zero opposite the anode segments and of con- 
centrating the field into the regions of the gaps, the resultant & pattern 
near the anode may be thought of as being formed by multiplying the 
sine-wave distribution near the cathode by a series of pulses, one for each 
gap in the anode structure. From this viewpoint the anode block may 
be considered to have a pulse type of modulation effect upon the sine-wave 
distribution of field, the shape of the modulation function being given by 
the center waveform of Fig. 24. Multiplying the modulation function 
by the sine-wave distribution curve at the cathode yields the distribution 
curve of & at the anode. 

Relative values of the frequency gomponents of the & waveform near 
the anode may be obtained by deterfnining the spectrum that results 
when the sine wave near the ‘cathode is modulated by the rectangular 
modulation function associated with the anode structure. As indicated 
in Fig. 24, the & field near the cathode recurs at the rate of 3 cycles for 
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each revolution of a point about the mnteraetion space, and the rectangular 
pulses of the modulation funetion reeur at the rate of 8 pulses per com- 
plete revolution of the pomt. The rectangular pulses may be resolved 
Into an average component and harmonie components equal to m XK § 
eveles per revolution, where m is an integer. Thus the resultant & field 
near the anode may be thought to consist of a center “frequeney’”’ of 3 
eveles per revolution and side-band “frequencies”? of 3 + m X& § evecles 
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Fic. 24. Approximate distribution near cathode and anode of the tangential component 
of r-f field of an eight-cavity magnetron oscillating in the n = 3 mode. 


per revolution. That is, the side-band components are eo ie a eae, 
cycles per revolution and —d, —13, —2]1,... , cycles per revolution. 


The above relationships, which apply to the » = 3 mode only, may be 
eeneralized to include any frequency component of an N-ecavity resonator 
oscillating in any mode number nr. If &# denotes the number of eveles of 
the frequency component of the mode, 


a ieee (6) 


where 7 = 0, 1, 2, 3, and so on. 

It may be concluded from the above discussion that, for any mode 
number n, the tangential component of the r-f field near the anode con- 
tains spatial components that melude a fundamental and a number of 
others. It should be possible, therefore, to excite a mode through reac- 
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tion of the space-charge cloud with any one of its spatial components. 
If the mode is excited through its fundamental, the space-charge cloud 
must rotate at an angular velocity that corresponds to the angular 
velocity of the fundamental component. For excitation through a higher 
order spatial component, the space-charge cloud must have a corre- 
spondingly lower angular velocity. 

Normally only the values of & corresponding to m = 0 and m = 1 are 
of importance in mode excitation, the amplitudes of the higher com- 
ponents being too small to yield appreciable excitation. When the 
space-charge cloud reacts with a spatial component corresponding to 
m = 1 and a value of k equal to |n — mM, the r-f field moves in a direc- 
tion opposite to that of the fundamental. ‘The space-charge cloud is then 
said to be exciting a reverse mode. 

If the frequencies of the n = 3 and n = 4 modes of an eight-cavity 
magnetron happen to be in the ratio 5:4, it is possible for the space-charge 
cloud to excite both modes simultaneously. For this frequency ratio the 
same angular velocity of space charge is required for exciting the + mode 
through its fundamental component (k = 4) and the n = 3 mode through 
the component corresponding to &k = 5. Interference of then = 3 mode 
with the z mode may then be expected. 

Sometimes on diagrams like that of Fig. 22, the various mode lines are 
specified by the symbol k/n/N. Thus a line designated as 4/4/8 repre- 
sents an eight-cavity magnetron oscillating in the r(n = 4) mode and 
excited by electrons reacting with the fundamental component of the r-f 
held. Although this additional information is often of interest, it should 
be remembered that the value of n alone specifies the mode. Thus 
designations such as 3/3/8 and 5/3/8 both specify the n = 3 mode but 
different electron motions for interacting with the r-f field of the mode. 

It has been noted that oscillations in a given mode are possible even 
though the operating point does not lie exactly on a mode line. In the 
narrow region slightly above the mode line, an effect similar to phase 
focusing takes place within the interaction space. <A slight increase in 
é at a constant value of ® tends to cause the electrons to rotate faster 
about the cathode, but in so doing they encounter a decelerating radial 
component of r-f field that offsets the excess anode voltage. Oscillations 
may still be sustained, therefore, despite the slightly high value of e. A 
similar phase-focusing effect also takes place if ¢, is made somewhat lower 
than normal and the operating point falls below the mode line. 

Another reason why ¢ and @ are not extremely critical is that each 
electron remains in the interaction space for a time corresponding to only 
afew r-f cycles. If the electron is not moving in exact synchronism with 
the r-f field, the efficiency of energy transfer is reduced somewhat but 
excitation is not entirely lost. 
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The space eharge itself affects the fields within a magnetron and influ- 
ences operation within a mode. ven in a nenoscillating magnetron 
operating in the region of no anode-current flow, an appreciable space 
charge exists mn the region of the eathode, and this spaee eharge has the 
offeet of reducing the eleetrie field near the cathode in the same manner as 
does space charge nan ordinary vacuum tube. Beeause of space charge, 
the electric field that is effective in determining the angular velocity of 
the electrons m normal operation is less than that due to the anode voltage 
alone. In consequence the magnetron is affected m the following way: 
Suppose the anode voltage is increased from a low value mn the cutoff 
region until the eleetrons begin to rotate ala speed that allows oscillations 
to begin. At this value of anode voltage some electrons reach the anode, 
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Fie. 25. Typieal t, e, characteristic of a magnetron for two modes of oscillation. 


the space charge 1s somewhat reduced, and the direct field is able to 
draw electrons from the cathode to replace those lost to the anode. 
A further increase m the anode voltage increases the number of electrons 
reaching the anode, but at the same time more electrons are drawn from 
the cathode until the space charge is increased to a point where equi- 
librium between electrons lost to the anode and electrons drawn from the 
cathode is again reached. That is, the net effect of an increase in anode 
voltage in the oscillation region is mainly an increase of anode current. 
An appreciable portion of the change in the electric field and electron 
velocity that might normally be expected to accompany a change in 
anode voltage is offset by the increase 1n space charge. 

The changes in anode current that accompany changes in anode volt- 
age in two modes of oscillation are shown graphically in Fig. 25. The 
4/4/8 line is a r-mode oscillation excited through the fundamental, and 
the 5/3/8 line is an n = 3 mode oscillation excited through the & = 5 
component. A constant value of magnetic-flux density 1s assumed, and 
as will be explained in Art. 10, the curves apply for a specific load on the 
magnetron. Observe that within any mode the 2%, e characteristic 1s 
essentially a straight line. As e is increased, 2 rises slowly as the 7 mode 
of oscillations is approached and then jumps sharply as oscillations set in. 
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Within the mode 2 increases linearly with e,. Large values of e, cause 
oscillations in the n» = 3 mode, and still larger values push the operating 
point into the region of steady anode current. 

Of great practical importance in radar is the problem of getting the 
magnetron to operate in the w mode when its anode voltage is supphed 
in pulses from a line-pulsing or power-amplifier modulator. If the 
modulator were a zero-impedance source, 1t would be an easy matter to 
secure m-mode operation exclusively by selecting a modulator-pulse volt- 
age within the range indicated in Fig. 25. Because actual modulators 
are not zero-impedance sources, the magnetron behavior 1s influenced to 
a great extent by the type of modulator used, and operation 1n the desired 
mode is not so easily obtained. .\ line-pulsine modulator may be 
regarded as a voltage source with an internal resistance equal to the 
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Fre. 26. Modulator characteristics superposed on %, e, characteristic of magnetron. 


chavacteristic resistance of the pulse-forming network (Art. 8, Chap. ITI). 
and in normal operation the magnetron is matched to the network through 
aun essentially ideal transformer. Thus the open-circuit modulator volt- 
ave f,., Which 1s equal to twice the magnetron voltage, is applied to the 
magnetron through a load resistance equal to the internal impedance of 
the modulator. A modulator load line superposed on the 2, e, character- 
istic of the magnetron thus takes the form of curve A in Fig. 26. For 
proper operation of the magnetron, the load ne should intersect the 
m-mode line at some point such as P. 

In power-amplifier modulators, the amplifier-tube characteristic deter- 
mines the nature of the load-line curve, and in general the load line is not 
straight as it is for the line pulsing modulator. Curve B in Fig. 26 is 
representative of load lines of moduletors employing a tetrode in the out- 
put stage. ‘The curve may be regarded’as a plot of load current and load 
voltage, for various loads on the amplifier tube. Magnetron operation 
in the mode is at the intersection of the load line and the +-mode line as 
before. 
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Beeause the load lines in Fig. 26 intersect not only the m-mode linc 
but also the w = 3 line and the cutoff line, operation in both the aw and 
n = 3 modes is possible, as is also a condition of no oscillations at all. 
Magnetrons, like other oscillators, are not observed to operate in their 
steady state in (wo modes simultaneously, but they may, and often do, 
change from one mode to the other, either within a pitlse or ou suecessive 
pulses. A change of modes within a pulse is ealled mode shift, and a 
change on successive pulses is termed mode ship. Where two mode lines 
he very close to each other, the prevalence of one mode or the other is 
determined largely by the relative eflicieney with whieh eleetrons can 
react with the r-f fields of the two modes and by the extent to which the 
modes are loaded. ‘The mode receiving the larger amount of power from 
the dhreet field and giving up the smaller amount of power to the load will 
In general predominate. Where mode lines are well separated, as tn Fig. 
26, the operating mode is governed mostly by the shape of the anode-volt- 
age pulse apphed to the magnetron. 

A variety of types of mode skip and mode shift may be encountered in 
magnetron operation. As an example, suppose a magnetron is being 
pulsed by a modulator having the load characteristie of eurve Bin Fie. 26. 
Operation during the leading edge of the pulse may he visualized by 
imagining curve B to be displaced initially to the left until its extreme 
right pomt comcides with the origin and then moved to the right as the 
modulator voltage rises. If the voltage increases relatively slowly, the 
operating point also moves along the z-mode line relatively slowly, and 
7-mode oscillations start to build up once the steep portion of the 7-mode 
hne is reached. Steady-state operation during the pulse is at some point 
suchas P. If the modulator voltage mses rapidly, however, z-mode oscil- 
lations may not have time to build up while the anode voltage is in the 
m-mode range, and since appreciable load current does not flow without 
oscillations, the modulator voltage would rise above the 7-mode range to 
the region of the n = 3 mode. Oscillations may then occur in this mode, 
or if these also do not have time to build up, the operation point may 
proceed to the cutoff line. 

Erratic operation of this type is most often encountered if high-current, 
high-power operation within the z mode is attempted, that is, if point P? in 
Pig. 26 1s almost at the top of the z-mode line under heavy loading. For 
relatively low modulator-pulse voltages the « mode may be obtained 
consistently, but any attempt to increase the voltage applied to the 
magnetron in order to increase the power output may result in the 7 
mode being skipped on some pulses. <A further increase in the pulse 
voltage may result in consistent operation in the n = 3 mode or even in 
complete cessation of oscillations. 

If the leading edge of the modulator pulse is gradual enough to ensure 
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starting of z-mode oscillations, it is still possible for the magnetron to 
shift to another mode within a pulse. A mode shift results if the pulse 
voltage is large enough to cause the operating point to move beyond the 
upper limit of the -mode line after oscillations have built up. Because 
the extent of the z-mode line is diminished by the r-f loading, a magnetron 
operating normally with one load adjustment may shift modes if loaded 
heavily. Low cathode emission, which causes low anode current and a 
shorter 7-mode line, may also give rise to mode shift, even with normal 
load on the magnetron. 

The small anode current that flows at very low anode voltages in Fig. 26 
is due in part to electrons that leak to the anode by way of the end 
spaces. ‘The presence of noise in the nonoscillating magnetron also 
accounts for some of this current. 
Appreciable noise power is observed 
in the output circuit just prior to 
the build-up of oscillations, and it 
is from the level of this noise that 

| oscillations start in one mode or 
ogee CNS another 

9. Performance Charts. Curves 
similar to the 2%, e, curves of Fig. 26 
may be used to determine magnetron 
ANODE VOLTAGE ey performance when the magnetron is 
Fie. 27. Basic form of magnetron per- pulsed by various types of modula- 
formance chart for a fixed load. 

tors. In order to include all possible 
operating conditions, the 2, e, curves should be plotted for several differ- 
ent modes and several values of flux densities within each mode. It is 
evident that such a large family of curves is hkely to become very con- 
fusing. Because r-mode operation is of primary interest, it is conven- 
tional to portray on magnetron performance charts only the 2%, e, curves 
that pertain to the mode. The basic form of such a chart is shown jn 
lig. 27. Observe that a performance chart does not ensure that the 
magnetron will always operate in the 7 mode but merely specifies the 
magnetron performance when operation is in the mode. The chart 
also specifies the operation for only one value of 1-f load, and a statement 
of the r-f loading conditions should accompany the chart. 

Although only z-mode lines are included in ig. 27, regions in which 
other modes are likely to be excited may be associated oir certain areas 
of the chart. At very low currents the output from the magnetron is 
essentially noise. Increasing the current slightly causes oscillations to 
begin, the operating point being at the lower end of the m-mode line. 
Some tubes have a strong tendency to mode skip or mode shift in this 
region because of the proximity of other mode lines. For example, it is 
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possible for an eight-cavity magnetron to have its 5/3/8 line below the 
4/4/78 line in the low-current region. The n = 8 mode may therefore be 
excited through reaction of the space-charge cloud with a higher order 
space component of the mode, and 1f the mode lines are close together, 
oscillations may shift back and forth between the two modes. 

Stable z-mode operation is most readily secured in the middle range of 
currents. liven mn this region modulator characteristics and r-f loading 
conditions influence the mode of operation, and these factors must still be 
considered when the operating point is in the middle range of currents. 
In the high-current region, excitation of other modes through reaction of 
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Fic. 28. Power-output and efficiency contours on the performance chart of Fig. 27. 


the space-charge cloud with the fundamental of the modes becomes 
likely, particularly in unstrapped magnetrons. Shght fluctuations im 
load while the antenna scans are usually sufherent to cause a shift to 
another mode. In strapped magnetrons, on the other hand, the mode 
separation is often great enough to permit operation near the extreme 
end of the 7-mode characteristic. 

The usefulness of a performance chart may be increased by including 
additional magnetron properties on it. For example, a set of r-f power- 
output curves may be drawn, as shown in Fig. 284. ‘These curves are 
obtained by measuring the r-f power output at constant load for many 
different operating points and connecting pomts of equal power. If the 
magnetron efficiency remained constant, the power output would be pro- 
portional to power input, and the power-output contours would be hyper- 
bolas that approach the 2 and e, axes asymptotically. Actually, the 
curves deviate from hyperbolas because the efficiency 1s a function of the 
operating point. Efficiency contours are shown superposed on the %, ¢ 
curves in Fig. 285. 
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Two effects may be noted from the efficiency curves. One pertains to 
the performance along a constant flux-density lime, and the other to 
performance at constant anode current. Along a constant flux-density 
line the efficiency goes from relatively low values at low currents to a 
maximum value in the middle-current region to lower efficiencies at high 
currents. The change of efficiency with operating current is related to 
the extent to which the space-charge cloud departs from synchronism 
with the tangential component of the r-f field. In the high-current 
region, the anode voltage exceeds the value that yields optimum synchro- 
nism, and electrons, before striking the anode, tend to become shghtly 
debunched and move ahead of the positions for greatest interchange of 
energy from the direct field to the r-f field. A similar situation exists at 
low currents, except that the electrons tend to lag. In addition, the low 
efhciency at low currents is partially the result of energy lost to leakage 
currents, that 1s, to electrons that reach the anode by paths other than 
those which permit energy transfer to the oscillations. 

Along a line of constant anode current the efiicrency increases steadily 
from the region of low e, and @, to the region of high e, and ®. As e, and 
@® are increased in a manner that maintains constant anode current, the 
electrons in the space-charge cloud maintain synchronism with the r-f 
field while acquiring more energy from the stronger direct field. Despite 
their acquirmg more energy from the direct field, however, the electrons 
reach the anode with essentially the same velocity, independently of ¢,. 
Thus most of the increased energy is transferred to the r-f field and the 
efhciency is improved. The failure of the larger anode voltages to 
increase the final speed of the electrons is associated with the fact that 
the electrons do not spiral smoothly from cathode to anode but rather 
execute a number of cycloidallike loops superposed upon the spiral (sec 
Hig. 20). If e, and ® are increased simultaneously, the larger voltage 
accelerates the electrons more quickly to the velocity at which the 
mcreased magnetic field bends them around the looped path. The effect 
Is mainly to make the size of the closed loops smaller and to maintain the 
velocity gained in each loop nearly constant. The angular velocity at 
which the electrons circle the cathode is thus preserved and also the 
velocity at which the electrons strike the anode. 

Usually contours of constant frequency are also added to magnetron 
performance charts. As for the other contours, the conditions of r-f 
loading must be specified, and in addition the temperature is important, 
since cavity dimensions, and hence qguvity resonant frequency, are dlepend- 
ent upon temperature. Instead: of pbottine absolute frequency on the 
chart, a reference frequency i8 often chosen, and frequency changes from 
the reference are plotted. A complete performance chart that includes 
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frequeney, power-output, and efficiency contours is given in Fig. 29 fora 
Type 232 mapietron. 

10. Rieke Diagrams. The performance charts discussed in the pre- 
ceeding article specify the operation of magnetrons in terms of magnetic- 
flux density, input voltage, and input current for a specific r-f load. Fre- 
quently rt is also desirable to know how the magnetron performs when its 
Input parameters are held constant and the load is varied. Diagrams 
that provide this information are ealled Rieke diagrams. 
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Fic. 29. Average characteristics of a 2J32 magnetron. The magnetron load is a coaxial 
line with a matched termination. 


As a preliminary to the discussion of Rieke diagrams, it is helpful to 
consider the magnetron and r-f load in terms of an equivalent lumped- 
parameter aireuit. Magnetron oscillators, like klystron and vacuum-tube 
oscillators, may he represented, for a single mode, as a current source 
feeding a parallel resonant circuit shunted by an r-f load. In fact, an 
erght-cavity magnetron operating in the 7 mode may be thought of as a 
high-frequency analogue of an eight-tube ring oscillator. The similari- 
ties between the two may be explained from Fig. 30. In the magnetron 
the four groups of electrons in the rotating space-charge cloud deliver 
electrons to the eight anode segments in much the same way that the 
eight triodes deliver electrons to their eight plates in the ring oscillator. 
Thus when the space-charge cloud is in the position shown in Tie. 304, 
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anode segments lL, 3, 5, and 7 receive electrons and segments 2, 4, 6, and § 
receive none. Similarly, when tubes |, 3, 5, and 7 in Fig. 306 are con- 
ducting, tubes 2, 4, 6, and 8 are cutoff. One-half cycle later, the even- 
numbered anode segments of the magnetron receive electrons and the 
even-numbered tubes of the ring oscillator conduct. In the ring oscil- 
lator an additional set of cathode or grid nes is required, of course, in 
order to obtain the necessary feedback voltages for sustaining oscillations. 
The corresponding feedback mechanism in the magnetron is the magnetic 
ficld, which causes the electrons to bunch and rotate in synchronism with 





(A) MAGNETRON 


(B) RING OSCILLATOR 
Fig. 30. An eight-cavity magnetron compared with an eight-tube ring oscillator. 


the r-f field. A tendency for the groups to pull out of synchronism is 
equivalent to an advance or delay in the phase of ring-oscillator feedback 
voltage. 

The oscillator of Fig. 3056 may be reduced to an equivalent single-tube 
circult by applying the methods used to derive the ring-oscillator equiv- 
alent circuits in Arts. 5 and 7 of Chap. X. With respect to the sym- 
metry planes A and B in Fig. 30B, the single-tube circuit takes the form 
of lig. 31. A similar magnetron equivalent circuit may be constructed 
by imagining perfectly conducting planes of zero thickness to be present 
along radial lines through the centers of the cavities on either side of 
segment 1. Locating conducting planes in these positions is possible 
because, as indicated in Fig. 324, the € component of the oscillating field 
is normal and the 3C component is tangential to the planes. Observe in 


Art. 10] RIEKE DIAGRAMS 197 


Mig. 324 that, whereas the § field is concentrated near the slots and 
diminishes along radial lines extending into the cavities, the 3¢ field is 
weakest at the slots and strongest inside the cavities. Thus the com- 
bination of anode segments and two half-cavities bears a definite resem- 
blance to a quarter-wave, shorted-end line resonating in its lowest mode 
and in an equivalent circuit may be represented as a parallel combination 
o £ and C (see Vie. 328). 
Energy for sustaining oscillations 
is derived from the current in the 
space-charge cloud sweeping past 
the anode segments and is 
accounted for in Fig. 32B by the 
complex number J, standing for 
the fundamental component of 
the r-f current supplied to the Ii. 51: Single-tube equivalent of ring- 

: oscillator plateseircuit of Fig. 307. 
oscillations. The share of the 
output load contributed by segment | and adjacent half cavities is 
represented in the equivalent circuit by admittance }, coupled to the 
L-C resonant circuit through an ideal transformer and coupling inductance 
L., the transformer and coupling inductance being introduced because 
connection 1s made to the load through a coupling device. 

Iigure 32B may be used to explain the effect of load changes on the 
magnetron operation. Consider first that the coupling reactance is’ 
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(A) MAGNETRON ANALOGUE (8B) EQUIVALENT CIRCUIT 
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Fic. 32. R-f equivalent circuit of magnetron. 


negligible and the load is a pure conductance. The primary effect of load 
changes 1s then on the power output. The frequency remains essentially 
constant, although shght changes are to be expected because of the 
changes in space charge that accompany load changes. <A small value of 
load conductance causes the oscillations to build up to the largest value 
the space-charge cloud can maintain and consequently the load voltage 
Ff, 1s large. Because of the small conductance, however, the power out- 
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put is low. Increasing the conductance increases the load current with- 
out affecting the amphtude of the oscillations appreciably, and hence the 
power output increases. Maximum power output occurs when the 
reduction of H, that accompanies the increased current and loading 1s 
exactly offset by the current increase through the load. Beyond the 
maximum the power decreases, und eventually, under heavy loading, oscil- 
lations cease altogether. 

If the load contains a susceptive component as well as conductance, the 
resonator frequency becomes dependent upon the value of the load sus- 
ceptance, since the resonator is in shunt with the load. Thus adding 
capacitive susceptance lowers the frequency, and adding inductive sus- 
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Fire. 338. Magnetron frequeney and out put-power contours In the load-admittance plane. 


ceptance muses it. The output power also decreases slowly with changes 
In frequency because of the tendency toward loss of synchronism between 
the space-charge cloud and the r-f field. 

These effects are portrayed graphically in Fig. 33, which shows con- 
tours of constant frequency f and constant output power P in the load- 
admittance plane. Observe that, if the load is a pure conductance, the 
output power goes through a maximum as the conductance is increased 
und the frequency remains essentially constant. On the other hand, if 
the conductance is fixed and the susceptance is varied, the frequency is 
highest for large values of inductive susceptance and lowest for large 
values of capacitive susceptance. Only moderately small power changes 
occur over the complete range of susceptance values, but maximum power 
coincides with zero load susceptance. Diagrams hke that of Fig. 33 
:upply for a specific set of input conditions, that is, for a definite value of 
magnetic-flux density and mput current or voltage. The values of these 
quantities should be specified on the diagram, just as the load conditions 
should be specified on the performance charts discussed in the preceding 
article. 
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Figure 33 is sometimes referred to as a Rreke diagram, but more often 
this name is applied to a similar plot on a Smith chart, that is, to a dia- 
eram that shows frequency and output-power contours m the reflectron- 
coefficient plane. The reflection coefficient is determined by the relation 
of the load impedance to the characteristic resistance of the transmusston 
line or waveguide attached to the magnetron output-coupling device. 
Use of the Smith chart has the advantage that operating conditions of 
the magnetron ean be readily determined from standing-wave measure- 
ments on the output line. When a transmission line is attached to the 
output-coupling device, it is important that the reference plane for the 
load admittance be speethed. 

The result of transferring the data in Fig. 33 to the reflection-coc Meient 
wietie is Shd®n in Ing. 34. 
Magnetron performance for vari- 
ous types of loads may be obtained 
from this figure. Assume that 
the load admittance is the mput 
admittance of an r-f line. If the 
line is terminated at the far end 
in a matched load, operation 1s 
ut the center of the Rieke diagram, 
and the frequency and = power 
output are those at the chart 
center. Actually in radar systems 
an exact match eannot he ex- 
pected over the entire line because 
of small reflections introduced by y4¢. 34. Basie form of Rieke diagram. The 
rotary jomts, bends. stubs, and diagram applies at a specific point of the out- 
ol changes Ae tern imped- put line connected to the magnetron. 
ance during scanning. The operating point does not remam stationary, 
therefore, but rather it shifts around within a small region about gz, = 1. 
Consequently, the power output and frequency may be expected to vary 
continually in small amounts about the value at the chart center, 

The effect of load changes on magnetron frequency is called frequency 
pulling, and the pulling figure denotes the total frequency change that 
results when the load on the magnetron is varied in a manner that yields 
all possible positions of the standing-wave pattern on the output line. 
the standing-wave ratio being held constant at 1.9. Thus the pulling 
figure is in effect a figure of merit of the tube in that the lower the pulling 
figure, the smaller is the frequency change when the r-f load is varied m a 
DaArirct lara y. 

Ordinarily an impedance-changing device ts included between the 
output coupling loop and the r-f line connected to the magnetron, The 
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effect of the device is to move the operating point away from the center 
of the Ricke diagram to a point determined by the input impedance of 
the line section attached to the coupling loop. Suppose, for example, 
that the input impedance is a pure conductance. The operating point is 
then shifted along the b; = 0 line either to the right or left of the chart 
center, depending upon whether g, is greater or less than unity. From 
the standpomt of output power alone, operation near the right edge is 
desirable because of the high-power output obtained in this region. 
Unfortunately, however, serious frequency instability is likely to result 
because the frequency contours tend to converge at the right-hand edge. 
For good frequency stability the operating region should include as few 
frequency contours as possible and hence should be located in the left- 
hand portion of the Rieke diagram where the per-unit conductance is less 
than unity. Because the power output is low in this region, the operating 
region chosen in practice represents 2 compromise between good fre- 
quency stability and high-power output. 

Thus far it has been assumed that the magnetron cavities have been 
coupled through an ideal transformer to a matched or nearly matched 
lme and that the impedance-changing device is located close to the mag- 
netron. Actually, some coupling reactance may be associated with 
the output loop, and also it is possible in some magnetrons to locate 
the impedance-changing device an appreciable distance from the loop. 
Both of these possibilities can give rise, if adjustment for high power is 
attempted, to more severe frequency instability than the frequency pull- 
ing described above. The instability takes the form of sudden jumps In 
frequency occasioned by shght changes in r-f load. 

Coupling reactance has the same effect upon the magnetron frequency 
as it does on the oscillation frequency of a triode oscillator. If the 
coupling reactance of the triode oscillator is series tuned and an attempt 
is made to load the oscillator heavily, it is found that instead of more 
power being delivered, the frequency jumps to a new value, and slight 
changes in load cause the frequency to shift back and forth between two 
values. (This effect is discussed in detail in Art. 10 of Chap. X.) A 
similar effect also takes place in a magnetron if a heavy load is placed 
upon a long line attached to the magnetron. Assume that the Rieke 
diagram of Tig. 34 applies at the output-coupling device, and suppose 
that the impedance-changing device, instead of being close to the mag- 
netron, 1s located several wavelengths away. ‘Lhe Rieke diagram can be 
transferred along the line to the impedance-changing device by rotating 
cach point of each contour counterclocktvise through an angle determined 
by the electrical length of the line. If, for example, the line is 10 wave- 
lengths long at a reference frequency f = f3, all points on the fs contour 
are rotated counterclockwise through 20 complete revolutions, and the 
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contour returns to its original position. At lower frequencies, the line 
length is less than LOA, and each point of the contour is rotated through a 
net clockwise angle. At the higher frequencies, the contours turn through 
a net counterclockwise angle, since for these frequencies the line length is 
ereater than 10\. The power-output contours may be referred to the 
new loeation inasimilar manner. The Rieke diagram at the new location 
Issh@mt 11h ig. 35. 

In this figure line Ab has been drawn as a dividing line between the 
contours. <Aetually, the contours cross this Ine and intersect one 
another, creating two sets of overlapping frequency and output-power 
curves for each single value of r-f 
loadadmittance. Ifthe magnetron 
were a continuous-wave oscillator, 
either of the operating conditions 
might be obtained, depending upon 
the manner in which oscillations 
build up intially. If operation 
were to begin at pomt C, for 
example, and the r-f load changed 
continuously through values in the 
upper half of the diagram to point 
D, the oscillation frequencies would 
be below the reference frequency 
fs. as specified by one set of con- 
tours. If the load admittance Fie. 35. Rieke diagram referred to a point 
followed a path in the lower half of i. eee mic a eee 

rom the reference point assumed in Fig. 34. 
the chart to point D, the oseilla- 


tion frequencies would be above fs, corresponding to the other set of 
contours. Hence a different frequency and output power would result 
for the same r-f load admittance and input conditions. 

The above hysteresislike effect is avoided in radar magnetrons because 
of the pulsed condition under which they operate. If the r-f load 1s 
adjusted for operation at point D, the frequency and power will depend 
upon the rate at which oscillations at the two frequencies build up at the 
start of each pulse and upon which of the two oscillations becomes large 
enough to suppress the other. Thus a line such as AJ exists, on one 
side of which the lower frequency oscillations are favored and occur in 
each pulse and on the other side of which the higher frequency oscillations 
will continually recur. In a small region near AJ, an effect resembling 
mode skip may be expected. Oscillations in some pulses may be at the 
lower frequencies and in others at the higher frequencies. Because the 
operating point is always shifting around shghtly, frequency splitting 1s 
inevitable in the region of AB. As the load is adjusted smoothly on 
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either side of AB, the frequency and output power also change smoothly 
until the load admittance crosses AB. Then a sudden jump in frequency 
and output power is observed. 

It should be noted that line AB in Fig. 35 lies in a region of high output 
power, and hence the frequency-splitting effect just described is encoun- 
tered only when an effort is made to extract high power from the mag- 
netron. Although frequency splilling may be avoided by keeping the 
lme section between the output-coupling and impedance-changing devices 
short, considerable frequency pulling may still be expected if the mag- 
netron is heavily loaded. . 

In order to minimize the effect of load on frequency in the region of good 
power output, the coupling reactances and line length between resonator 
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lic. 36. Rieke diagram of a 2J32 magnetron referred to load end of quarter-wave output 
transformer. 


und impedance-changing device are made as small as possible, and the 
Impedance-changing device is designed to give optimum performance 
when the r-f line to which it is connected is terminated in a matehed load. 
The unavoidable changes in load impedance that result from the antenna- 
scanning process then cause no appreciable change mn operating condi- 
tions. In some magnetrons, as, for example, the Type 2J32, the tmped- 
ance-changmg device is an integral part of the tube and consists of a 
quarter-wave transformer m the r-f output connector. The Rieke dia- 
gram for this magnetron, referred to the load end of the quarter-wave 
transformer, has the form of Fig. 36. In other magnetrons, the quarter- 
wave transformer 1s external to the magnetron, and its position along the 
r-f line is under control of the user, ‘Fhe shape and orientation of the 
Ricke diagram then depend vpon the Impedance transformation, the 
location of the transformer, and the reference plane chosen for drawing 
the diagram. 
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11. Operation and Care of Magnetrons. When the magnetron is 
operating properly, the anode-voltage pulse is related to the magnetron- 
current pulse and to the r-f output-voltage pulse in the manner shown in 
lig. 387. Beeause magnetron current becomes appreetable only when the 
anode voltage is near its maximum value, the current pulse is shorter and 


ANODE 
VOLTAGE 


ANODE 
CURRENT 





BaF POUTPUT: 
VOLTAGE 


| 





“NOISE 


Fig. 37. Pulse shapes of magnetron anode voltage, anode current, and r-f output voltage. 


has steeper sides than the voltage pulse. During the flat top of the 
r-f-voltage pulse, full power is produced at essentially constant frequency. 
During the steeply sloping sides, operation is at reduced power, and 
appreciable frequency changes are noted. In the short periods of low 
voltage at the beginning and end of the pulse, the output 1s mainly noise. 
As explained in Art. 8, the leading edge of the modulator pulse should not 
rise too steeply. An excessively rapid rise may cause the anode voltage 
to pass through the proper operating range before wmode oscillations can 
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build up. Oscillations may subsequently occur in the wrong mode or 
fail altogether. 

During operation, it is desirable to know whether or not the magnetron 
is oscillating consistently in the mode. An indication of the perform- 
ance may be had by observing the envelope of the r-f-voltage pulse. In 
order to observe the pulse envelope, a small amount of power is diverted 
from the r-f transmission system to an r-f envelope indicator by means of 
a directional coupler (Art. 7, Chap. XII). The essential components of 
the indicator, shown in block-diagram form in Fig. 38, are a crystal 
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Fic. 38. Block diagram of an r-f envelope indicator. 


detector, a video amplifier, and a cathode-ray tube. The r-f pulses are 
rectified by the detector, and the resulting video pulses after amplifica- 
tion are displayed on the cathode-ray-tube screen. The sweep generator 
is synchronized with the modulator pulses. <A properly operating mag- 
netron has an r-f pulse envelope similar to that of Fig. 394. If mode 
skipping or frequency splitting 1s taking place, the envelope has the 
appearance of Fig. 394. Mode splitting produces the envelope of Fig. 
SC. 
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hia. 39. Examples of r-f pulse envelopes. 

Another way of evaluating magnetron performance conveniently is 
through observation of the frequency spectrum of the r-f pulse. For 
proper radar-set operation, the power in the r-f pulse should be concen- 
trated in frequencies within the bandwidth of the receiver. Power con- 
tamed in frequency components lying outside the receiver bandwidth is 
wasted. Examples of good and bad’ Spectra are given in Fig. 40. Note 
that in the good spectrum most of the power is confined to a frequency 
band centered at the carrier frequency fo. In the poor spectrum, the 
power is distributed over a much wider band, and consequently some of 
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the echo power may not pass through the receiver. One reason for a poor 
spectrum ts that the anode-voltage pulse may not have te amphtude 
(o ensure operation in the mode. Another is that the r-f line connected 
to the magnetron may be appreciably mismatched to the lo: id, thus giving 
vise to severe frequency pulling, A poor spectrum may also result from 
use of ama enet of improper strength. The spectrum may be determined 
by means of an echo box or spectrum an: ilwzer. Both of these instru- 
ments are desertbed in Art. 18 of the next chapter. 

A new magnetron cannot usually stand immediate appheation of full 
anode voltage. When a magnetron is being used for the first time, the 
pulse voltage should be increased gradually. This is especially important 
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hig. 40. Examples of magnetron spectra. 


if the magnetrons are pulsed by power-amplifier modulators where the 
charge on the storage capacitor is much larger than is normally allowed to 
pass through the magnetron in one pulse. The magnets used with 
magnetrons are made of highly retentive alloys. In nonpackaged 
assembhes, the magnets are provided with keepers which should be 
inserted in the air space when the magnets are not in use. During 
operation the magnetron replaces the keeper, and under these conditions 
it 1s Important not to jar the magnet or strike it with a ferromagnetic 
material, since such treatment may cause a marked decrease in the field 
strength. 

Reversal of the magnetic field theoretically should not change the 
operation of the magnetron. Because of slight asymmetries in the mae- 
netron assembly, however, there is usually a preferred direction for the 
magnetic field. Magnet-mounting instructions are normally indicated 
on the magnetron. 

The magnetron should not be pulsed without a magnetic field. If the 
field is small or entirely absent, the excessive current drawn by the mag- 
netron is likely to cause damage not only to the magnetron but also to 
the modulator tubes, which cannot safely carry these currents. Not only 
will current be excessive, but electrons, striking the anode with full 
velocity, may cause excessive heating. An overload relay should be 
provided to protect the magnetron from such damage. 
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The principles of operation of two-wire transmission lines, waveguides, 
cavity resonators, and r-f oscillators are discussed in the preceding five 
chapters. The purpose of this chapter 1s to show how these and other 
r-f components are emploved in the r-f transmitting and receiving system 
of a radar set. 

The major components of the r-f system are the transmitter, the 
antenna, the receiver input circuit, and the interconnecting transmission 
lines. The short powerful bursts of radio-frequency energy generated 
by the transmitter are conducted over an r-f line to the antenna, where 
they are radiated into space. The weak echo signals from objects in 
space are intercepted by the antenna and directed by the r-f line to the 
mput circuit of the receiver. In order to prevent transmitter power from 
entering the recetver and echo power from reaching the transmitter, a t-r 
device (and sometimes an anti-t-r device) must be included in the r-f 
line. In addition, a variety of auxiliary devices and accessories are 
required mm order to ensure satisfactory performance of the radar set and 
for mechanical reasons. A description of these devices, together with a 
discussion of t-r and anti-t-r devices, and receiver input circuits is given 
in the articles that follow. 

1. Radio-frequency-system Components. The type of r-f system 
components used in a radar set depends _— upon the operating fre- 
quency. In sets that operate below a few hundred megacycles per 
second, the transmitter is a high-vacuum-triode oscillator, the antenna is 
usually an array of half-wave elements (dipoles), and the transmission 
system may be either a coaxial or parallel-wire line. At the receiver, the 
Input stage is frequently a single-stage, radio-frequency amplifier. Tf an 
r-f amplifier is not included, echo signals are apphed directly to a high- 
vacuum-tube type of mixer circuit. 

In the microwave region, the transmitter is almost always a magnetron, 
and the antenna consists of a single radiating element and a metallic 
reflector. The r-f line may be either a coaxial line or a waveguide. 
Radio-frequency amplifiers are not ordinarily included in microwave 
receivers; the echo signals are applidd directly to the mixer circuit, which 
employs a crystal rather than.a hish- -vacuum tube as the mixer element. 

An example of a microwave r-f transmitting and receiving system is 
shown in Fig. 1. The system illustrated is similar to most 10-cm systems 
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employing waveguide transmission lines and contains many of the r-f- 
system components to be discussed in this chapter. Radio-ftrequency 
power is generated in pulses by the magnetron shown in the lower left- 
hand corner of the figure. The magnetron output power is coupled by 
means of a coanial-line-to-waveguide Junction into the rectangular-wave- 
ceulde transmission system which directs the power to the antenna. The 
latter component consists of a truncated paraboloidal reflector in front 
of the open end of the waveguide transmission line. 

A t-r device is located between the main waveguide and the receiver 
input circuit. This device may be thought of as a switch which discon- 
nects the receiver from the rest of the r-f system during the time the 
transmitter is in operation. Isolation of the receiver is necessary during 
transmission m order to avoid damage to the sensitive input circuits of 
the receiver. 

The t-r device consists of a re-entrant cavity having two points of 
entry—one to the main waveguide and the other to the coaxial line of the 
receiver input circuit. Coupling at the poimts of entry 1s provided by 
apertures. The re-entrant portion of the cavity is formed by two closely 
spaced conical-shaped electrodes which constitute a spark gap that 
breaks down in the presence of the high voltage of the transmitted pulse. 
Because breakdown of the gap prevents build-up of oscillations in the 
‘avity, very ttle coupling is provided between the two points of entry. 
and as a result, very httle transmitter power is able to reach the receiver. 
Echo signals from targets are able to pass through the cavity, however, 
because these signals are too weak to cause 1onization of the t-r spark 
gap. Oscillations therefore build up in the t-r cavity, and echo power 1s 
coupled through the cavity to the receiver with negligible loss. Several 
forms of t-r devices are discussed in detail in Arts. 12 to 14. 

Because power in the echo signals is extremely small (of the order of 
lupw), itis very rmportant that as much of the echo power as possible be 
directed to the receiver and very little of it be directed toward the trans- 
mitter. In the system of Fig. 1, received signals are prevented from 
reaching the transmitter by the anti-t-r derice, a re-entrant cavity aperture- 
coupled to the main guide at a point between the transmitter and t-r 
device. The anti-t-r cavity is similar in construction to the t-r cavity, 
except that only one pomt of entry is provided. The anti-t-r device, 
like the t-r device, serves as a switch to disconnect the transmitter from 
the rest of the r-f system except while pulses are being transmitted. 
During the reception of echo signals, the anti-t-r cavity constitutes 
a high-Q parallel resonant circuit. at’? the side wall of the guide. As 
explained in Art. 18 of Chap? IX, the high impedance at the side wall 
provides essentially a short-circuit termination across the guide for waves 
traveling along the guide. The short circuit in the direction of the trans- 
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mitter at the anti-t-r location is made to appear as an open eireurt at the 
location of the t-v device by spacing the two devices an odd-integral 
number of quarter wavelengths apart. Thus during the reception of echo 
signals, the signal path is in the direction of the receiver at the t-r device. 
The anti-t-r deviee does not interfere with the propagation of transmitter 
pulses through the waveguide beeause, during a transmitted pulse, the 
anti-t-r spark gap ionizes and causes the cavity to appear as a low Imped- 
anee at the coupling aperture. The cavity thus has the effect. of closing 
the coupling aperture during the transmitted pulse. 

The input. cireuit to the receiver is a ervstal mixer, the erystal beme 
located near the lower end of a coanxial-line section aperture-coupled to 
the t-r cavity. Voltage from a local oscillator is coupled by means of a 
probe to the coaxial line. and sienals at the intermediate frequency are 
taken from the coaxial line connected to the crystal. 

The r-f system of Hig. 1 contains a variety of auxiliary components that 
play an important part in the over-all operation of the svstem. One of 
these components is the rotary ‘jo’nt which is located in the waveguide 
near the antenna. The rotary joint permits the antenna to be turned in 
azimuth while the rest of the set remains stationary. The antenna 
reflector, the upper half of the rotary joint. and the portion of waveguide 
above the Jomt are assembled as a unit. and turned by means of a drive 
mrovor. 

In rotary joints, mechanical contact is not usually relied upon to pro- 
vide good electrical contact between fixed and movable portions of the 
jomt. Instead, electrical connection is furnished by a radio-frequency 
choke m the form of a short section of shorted-end transmission line in 
series With each conductor of the line. Through proper choice of dimen- 
sions, the input impedance of the series-branch line can be made extremel Vv 
low, and good electrical connection between main-line conductors thus 
provided. Joimts which include a transmission-line type of r-f choke are 
commonly referred to as choke joints. 

Choke joints are also used frequently to couple sections of waveguide 
together, as indicated in Fig. 1. Use of a choke joint ensures good elec- 
trical connection between adjacent guide sections and avoids the need 
for accurate ahgnment of parts being joined. 

Because the waveguide transmission system of Fig. 1, like most trans- 
mission systems, follows an irregular path between transmitter and 
antenna, several transitional sections of guide in the form of corners and 
bends are required. A 90-deg fwest is also placed in the guide near the 
antenna so that the antenna reflector may be illuminated with waves 
which are horizontally polarized. The dimensions of the various transi- 
tional sections are chosen so that as little reflection as pussible is set up 
at the ends of the section. 
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The irises shown in Fig. 1 are 1mpedance-changing devices used to 
ensure that the major portion of the waveguide system operates with 
essentially unity standing-wave ratio during the transmission of pulses. 
At the transmitter end of the waveguide, the movable plunger and wave- 
vuide-to-coanial-line junction provide the proper load impedance for the 
magnetron output line. 

The performance of the over-all r-f system of ig. 1 may be evaluated 
from measurements made with the aid of the slotted guide section and the 
directional coupler. The slotted guide makes possible the measurement 
of the standing-wave ratio in the guide, and the directional coupler makes 
available a small amount of r-f power for determining such quantities as 
the transmitter frequency, the frequency spectrum of the transmitted 
pulse, and the sensitivity of the receiver. Details of these measurements 
and of the equipment involved are discussed in the last article of this 
chapter. 

2. Choke Joints. As explained in the preceding article, choke joints 
enable two line sections to be joined electrically despite lack of good 
mechanical contact between sections. These joints depend for their 
operation upon shorted-end transmission hnes in series with the con- 
ductors being joined. Constructional details of a coaxial-line type of 
choke joint are shown in Fig. 24. Auniliary line 1 is a quarter-wave 
shorted-end section of coaxial ine formed by the outside surface of the 
outer conductor of the main line and inside surface of the surrounding 
metallic cylinder. The input impedance Z, of this line, in series with the 
resistance at point A (contact resistance or radiation resistance), con- 
stitutes the load impedance for auxiliary line 2, which is also a quarter 
wave in length. Since Z, is nearly infinite, the input impedance Z» of line 
2 1s essentially zero, and negligible impedance is introduced at point B of 
the main line. The inner conductors are joined electrically in a similar 
manner, dimensions being chosen so that a low impedance Z; appears at 
point C. 

An important feature of the choke joint of Fig. 24 is that any resistance 
at point 4 which may result from poor mechanical contact or from radia- 
tion at an open gap is in series with the high input tmpedance of line 1. 
Thus current flow in the resistance and consequently the power loss are 
kept extremely low. 

In order that the impedance Z» at the junction of the main-line outer 
conductors may be kept low over a band of frequencies, the characteristic 
resistance of line | is usually made somewhat greater than that of line 2. 
Making the value of 2. for line 1 as large as feasible vields a high value of 
4, over the frequency band of interest: making PR. for line 2 as low as 
possible ensures a low value of Z. at point B over the same frequency 
band. 
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Murther improvement in the broad-band operation of the over-all Jomt 
may be obtamed by spacing the open ends of the branch lines (pomts 
Band C) a quarter wavelength apart. At the frequeney for which the 
branch-lne sections are each a quarter wave, Zs and Zs are both resistlve, 
but at shghtly different frequencies, both contain reactive components. 
By separating points B and C a quarter waveleneth, the effect of the 
reactive components on the standing-wave ratio beyond the joint ean be 
made to cancel approximately. 

Alternate forms of choke-jomt construction are shown in Fie. 2B. In 
the upper diagram, one portion of the branch line im series with the outer 
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Fig. 2. Coaxial-line choke joints. 


conductors 1s folded back upon the other, and in the lower diagram, the 
branch lnes are extended radially outward from the main line. In both 
diagrams the branch lines in series with the inner conductors are made 
approximately a quarter wave in length and are terminated essentially 
In an open circuit rather than a short circuit. 

Choke Joints are also used to couple magnetrons having coaxial-line 
output termimals to the main coanial line. Rigid mechanical connection 
to the magnetron output line must be avoided because of the danger of 
breaking the fragile metal-to-glass seal. An example of a magnetron 
coupling device is given in Fig. 3. 

Choke joints between two sections of waveguide are shown in Fig. 4. 
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In Fig. 4A, line | is a coaxial line formed by cutting a slot in a flange sur- 
rounding the guide, and line 2 is a radial transmission hne formed by the 
faces of the two coupling flanges. If a 7Afo,; wave 1s being propagated 
in the circular guide, the electric-field pattern in the guide 1s axially sym- 
metrical, and transverse-electromagnetic-wave patterns are set up in the 
series-branch limes constituting the choke jomt. If each branch hne is 
made a quarter wavelength as measured in space, neghgible 1mpedance 1s 
introduced in series with the two guide sections being jomed. Broad- 
band operation is obtained in the same manner as with coaxial hnes, that 
is, by making the characteristic resistance of line 1 high compared with 
that of line 2. In practice it 1s found that a gap of several millimeters can 
be allowed between faces of the two 
flanges without introducing serious 
reflections in the guide. 

If the guide has a rectangular cross 
section, as m Fig. 46, and T'Ej 9 

waves are being propagated, higher 
TRansFormen” Order Waves rather than principal 
Mig. 3. Magnetron output-coupling waves are set up in the series-branch 
device. r 
lines. These higher order waves 
result because of the asymmetric nature of a 771,59 wave about the longi- 
tudinal axis of the guide. Each branch Hne should be made approxi- 
mately a quarter wave for the wave type excited. Because the actual 
field pattern in the branch lines may consist of two or more higher order 
waves, it 1s usually necessary to determine the lengths experimentally at 
the operating wavelength. 

3. Rotary Joints. Rotary joints enable portions of the r-f trans- 
mission line to be rotated with respect to one another. Rotation of 
transmission-lmne sections is necessary whenever the antenna must be 
pomted in different cirections In space. For proper operation of the 
antenna, it is necessary that the field patterns of waves propagated across 
the joint be symmetrical about the axis of rotation. Otherwise, the 
polarization of the waves in the movable portion of the line would change 
as the line turns and, as a result, cause undesirable radiation patterns 
from the antenna. 

Rotary Jomts for coaxial-line 1-f svstems are easily constructed, since 
the transverse-electromagnetic-wave pattern of a coaxial line is axially 
symmetrical. The simplest form of coaxial-line rotary joint utilizes 
fingerhke rubbing contacts on thednner and outer conductors. Such a 
jomt 1s satisfactory for low-power r-f gystems in which the turning speed 
of the rotating components is low, but it has the disadvantage that con- 
tinual wear at the rubbing surfaces ultimately results in poor electrical 
contact and hence excessive power loss. 


MAGNETRON 


pore 





ArT. 3] ROTARY JOINTS | 813 


A more reliable type of joint employs the choke-coupling principle 
described in the preceding article. The Important electrical and mechan- 
ileal features of such a joint are illustrated in Mig. 5. The upper line is 
arranged to turn while the lower line is held stationary.  Half-wave 
chokes serve to connect corresponding conductors of the lines together 
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Fig. 4. Waveguide choke joints. 


electrically. Bearings are provided at the rubbing surfaces. The pres- 
surizing seal located near the outer surface of the joint serves to make 
the jomt airtight and allows the line to be filled with air at a pressure 
above atmospheric pressure. It is common practice to pressurize radar 
lines in this manner in order to lessen the danger of breakdown of the 
diclectric between conductors due to moisture in the line or low ajr pres- 
sure at high altitudes. 

Construction of a rotary joint is more difficult for a waveguide trans- 
mission system than for a coaxial-line system because the guides are usu- 
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ally rectangular, and energy is propagated in an axially unsymmetrical 
(TF y.9) wave. In order to obtain an axially symmetrical field pattern in 
the vicinity of the joint, a short section of circular guide carrying a Talo, 
wave is usually employed. 

In order to excite a TMo., wave in a circular guide from a dominant 
wave in a rectangular guide, advantage is taken of the fact that the 
magnetic- and electric-field patterns in planes parallel to the top wall of a 
rectangular guide propagating a dominant wave bear a resemblance to the 
corresponding T'M/o,, patterns in transverse planes of a circular guide. 
(Compare the rectangular-guide 7E 1,5 pattern, Fig. 13, p. 573, with the 
circular-eguide J'JLo,1 pattern, Fig. 33, 
p. 609.) It is possible, therefore, to 
excite the TdAflo.. waves simply by 
inserting the circular section into the 
top or bottom wall of the rectangular 
euide. A rotary joint based upon this 
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euide are joined together electrically by 
means of a choke Jomt, and irises are 
inserted in the regular guide to cancel 
any reflections that may occur at the 
junctions of guide sections. 

Beeause domimant (7211) waves, 
as well as 7'Wfo1 waves, may be prop- 
avated in the circular-guide section, 
care must be taken to avoid exciting 
TEy, waves of appreciable amplitude. Otherwise a field pattern 
would result which would be unsyminctrical about the axis of the guide. 
In practice it is found possible to concentrate most of the transmitted 
power in To, waves through careful choice of the diameter of the 
circular guide. The circular-guide diameter is most readily determmed 
experimentally in relation to the size of rectangular guide being used and 
the operating frequency. 

An additional precaution against 7’2y,,; waves may be taken by extend- 
ing the circular-guide section beyond the rectangular guides, as shown in 
Fig. 6B. The distance from the center of the rectangular guide to the 
shorted end of the extended section is made an odd multiple of quarter 
waves (usually 34 4) for 71. waves. It 1s posstble, through proper 
choice of the diameter of the extended section, to make this distance cor- 
respond to 15 X for To. waves. Thus the Input impedance of each 
extension is essentially infinite for 7'#y,, waves and zero for 7".lo,1 waves. 
With reference to 7M. waves, therefore, the joint is equivalent to that 
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Fig. 5. Coaxial-line rotary joint. 
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of Ing. 64. Since the infinite impedance of the extended section and the 


remaming circular guide may be regarded as being in series across the 
rectangular guide, Ty, waves are not transmitted through the joint. 

An alternative method of Jaunching 71/9. waves in the cireular euide 
makes use of a probe which extends across the reetaneular mde and 
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(D) EQUIVALENT CIRCUIT OF PART C 
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Fig. 6. Waveguide rotary joints. 


(C) PROBE-EXCITED JOINT 


penetrates into the circular guide, as shown in Fig. 6C. The probe and 
surrounding cylinder may be thought of as a short section of coaxial line, 
the prmeipal (transverse-electromagnetic) wave of which gives rise to a 


PiMo,. wave m the region beyond the probe. (Compare the field patterns 


of transverse-electromagnetic waves in coaxial lines with TA/9., waves in 
circular guides.) , 
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The junction between circular and rectangular guides is similar to the 
waveguide-to-coaxial-line junction illustrated in Pig. 524A of Chap. IX, 
except that only one tuning adjustment—the depth of penetration of the 
probe into the circular guide—is provided. The equivalent circuit of the 
junction (Fig. 6) is therefore analogous to the equivalent circuit of the 
waveguide-to-coaxial-line Junction shown in Fig. 526, Chap. IX. Dis- 
tance d, from the center of the probe to the end wall of the rectangular 
guide is chosen so that 1t 1s possible to match the rectangular guide for 
unity standing-wave ratio by means of the single probe adjustment. 
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Fie. 7. Circular bends in rectangular waveguides. 


4. Waveguide Bends, Corners, and Twists. The path of a waveguide 
transmission system may be changed by inserting a corner section of 
guide in the system or by bending the guide smoothly through the desired 
angle. Corners are usually employed where an abrupt change in diree- 
tion is required. If the change can be made gradually, a smooth bend 
1s often preferable to a corner because of the ease with which the bend can 
be formed. Low-reflection bends of large radius can be made simply by 
curving a straight piece of guide. 

Two types of circular bends for rectangular waveguides are illustrated 
in lig. 7A. In the &-plane bend, the guide is curved in such a way that 
the electric-field vector of the propagating T'E,,) wave remains in the same 
plane. In the 3¢-plane bend, the guide is bent so that the magnetic-field 
vector remains in the same plane throughout the bend. 

It is desirable to make bends with as large a radius of curvature as 
possible in order that appreciable reflections at the ends of the curved sec- 
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tion may be avoided. Sharp bends tend to give rise to higher order waves 
at the junctions of the straight and curved sections beeause of the abrupt 
changes in direction. These higher order waves, although not propa- 
gated, have the effect of introducing a reactive component into the wave- 
eulde impedance at the points of discontinuity. 

When the bending radius is large, the domimant wave in the curved 
eulde has field patterns in transverse planes which are similar to the cor- 
responding patterns of the dommant wave ina straight guide. However, 
in the curved guide, the wave impedance and phase constant are shghthy 
different from the corresponding straight-guide quantities.' The change 
of wave impedance may be accounted for in the two-wire equivalent cir- 
cult of the bend by an appropriate change in the characteristic resistance 
of the line section representing the curved section of guide. Thus in 
Ke. 7b, the middle line, representing the curved portion of the bends in 
Pig. 7A, has a characteristic resistance 2.’ equal to the wave impedance 
of the dominant wave in the eurved-guide section. ‘The electrical length 
of the curved-guide section and the equivalent transmission-line length 
are also made equal and are measured in terms of the dominant-wave- 
length mn the curved section. Figure 7B indicates that 1f guide 3 is 
terminated in a matched load, guide 1 may be similarly terminated if the 
curved section 1s made an integral number of half curved-e@uide wave- 
lengths. The curved-guide section 1s then equivalent to a 1:1 trans- 
former connecting the straight sections. 

If the bending radius 1s short, series and shunt reactive elements must 
be included in the two-wire equivalent circuits at the input and output 
terminals of the middle line in order to account for the higher order waves 
set up at the ends of the curved guide. The presence of these elements 
makes complete elimination of reflections impossible, but even in sharp 
bends the straight and curved sections merge so smoothly that reflections 
are usually small. 

Right-angle corner sections of the &-plane and 3C-plane types are illus- 
trated in Figs. 84 and &. These sections may be thought of as being 
composed of three straight sections of guide with ends beveled so as to 
vive the desired change in direction. Because the directional changes 
occur more abruptly in corner sections than 1n bends, reflections at the 
poimts of discontinuity are relatively greater in the corner sections. 

A two-wire equivalent circuit of the &-plane and 3C-plane corners 1s 
drawn in Fig. 8C. Observe that. the characteristic resistances of the 
transmission-line equivalents of the straight-guide sections are all ahke 
and are equal to the wave impedance of the dominant wave in the 


1 For the derivation of the wave impedance and phase velocity of the dominant wave 
in a curved rectangular guide, see 8. A. SCHELKUNOFF, Llectromagnetic Waves, 324-330 
(D. Van Nostrand Company, Inc., New York, 143). 
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straight-guide sections. The electrical length of each line is equal to the 
mean electrical length of the corresponding guide section. 

The equivalent circuit of Fig. 8C is rather general in that it does not 
specify the network of reactive elements required to account for the 
higher order waves generated at the junctions. The length of hne 2 
which yields minimum reflections cannot, therefore, be specified. An 
approximate value may be obtained for the &-plane corner if it is assumed 
that the networks are single shunt capacitive elements of equal value 
and small magnitude. Such an assumption is reasonably valid provided 
the change in angular direction at each junction does not exceed 45 deg. 
If single shunt capacitive elements are assumed at each end of line 2, it 
may be shown that making line 2 an odd number of quarter waves yields 
essentially a flat line for line 1 when line 3 is terminated in a matched 
load. 
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LINE | LINE 2 LINE 3 
(C) GENERAL TWO-WIRE EQUIVALENT OF PARTS A AND 8 
Fig. 8. Right-angle corner sections for rectangular waveguides. 


Consider, for example, that each network in F 12. SC presents a per-unit 
shunt susceptance b, across input and output terminals of line 2 and that 
line 3 is terminated in a matched load. The per-unit admittance ya at 
the output terminals of line 2 is then y, = 1 + joc. If line 2 is a quarter 
wave, its input admittance ys is very nearly the conjugate of y4 when 
b. 18 much less than 1; that is Ys =~ 1 — 7b,. The shunt-element 
susceptance b, at the input terminals of line 2 is therefore canceled by the 
susceptance of yz, and line 1| is terminated in a matched load. 

If the angular change in direction of the &-plane corner exceeds 45 deg, 
series as well as shunt elements are needed to represent junction effects 
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aecurately, but the proper length for line 2 is still very nearly a quarter 
wavelength. In general both series and shunt reactive clements are 
always required to represent junction effects in 3C- plane corners, and 
reflections are minimum if line 2 in the equivalent circuit is made Highitly 
ereater than a quarter weve. ! 

Twists are sometimes inserted in rectangular-euide r-f systems in order 
to change the direction of polarization of the waves emitted from the end 
of the guide. Twists should be made gradually over several w avelengths 
and should be approximately an integral number of half waves in length 
in order that slight changes in wave impedance and phase constant in 
the wwisted section will cancel at the ends. 

56. T Junctions. Often in an rf transmission system three sections 
of line or guide are joined together at right angles to one another. Such 
a junction is referred to asa T junction. Two basie forms of equivalent 
circuits of T junctions are shown in Fig. 9. These cireuits correspond to 
parallel and series connection of lines and are accurate representations of 
a PT junction provided the transverse dimensions of the component lines 
are neghgible compared with the operating wavelength. Nearly all 
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LINE 1 LINE 2 
LINE 3 
(A) PARALLEL CONNECTION (B) SERIES CONNECTION 


lic. 9. Basic forms of equivalent circuits of a T junction. 


parallel-wire lines mect this requirement, but very often transverse 
dimensions of coaxial lines are an appreciable portion of a wavelength. 
The circuits of Fig. 9 are then only approximate representations, addi- 
tional elements being necessary to account for discontinuity effects at the 
junction of lines. A more accurate equivalent circuit of a coaxial-line T 
junction at high frequencies includes a coupling inductance in series 
with the side-arm line of Fig. 94 (see Art. 13, Chap. IX). 

Of interest In connection with rigid coaxial lines are the T junctions 
formed by the intersection of the main linc and the shorted-end lines 
(stubs) that provide support for the main-line inner conductor. In one 
simple form of stub support, the main line is straight and the stub is 


'See G. L. RaGan, Microwave Transmission Circuits, 203-207 (MeGraw-Ithill Book 
Company, Ine., New York, 1948). 
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at right angles to the main line, as shown in Fig. 1OA. All lines have the 
same characteristic resistance. The equivalent circuit of the support, 
drawn in accordance with the principles of Art. 13 of Chap. IX, is given 
in Fig. 108. It is evident from this circuit that stub length d, should be 
a quarter wave at the operating frequency in order that reflections at the 
junction may be avoided. Coupling inductance /, 1s then in series with 
the extremely high 1mpedance of the stub, and the combination appears 
essentially as an open circuit across the main line. 


MAIN LINE 





(A) MAIN-LINE SECTIONS 
STRAIGHT 


(B) EQUIVALENT CIRCUIT OF PART A 


Rts sa oe 





(C) MAIN-LINE SECTIONS AT 
RIGHT ANGLES 





(0) EQUIVALENT CIRCUIT OF PaRT c 
Vie. 10. Coaxial-line stub supports. 


If a change in direction of the main line is desired, the positions of stub 
and one main-line section may be interchanged, as shown in Fig. 10C. 
With the stub in the new position, however, the main-line sections cannot 
be completely matched no matter what length is chosen for the stub sup- 
port. Consider the equivalent circuit of Fig. 10D. Because one main- 
line section is now the side arm of the T junction, the coupling mductance 
i, appears in series with the mam line, and the stub reactance N is in 
shunt with the series combination of 1, and the input impedance of the 
side-arm line. If the main line is terminated in a matched load at point 
A, no adjustment of the stub will: resul€ in a matched load for the remain- 
ing main-line section. 

A disadvantage of the simple stub support of Fig. 10A is that it is 
sensitive to small changes in frequency, a perfect match of main-line 
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sections being obtainable only at the frequency for which the stub is 
quarter-wave resonant. A stub support that vields essentially a flat line 
over a broad band of frequencies may be constructed by enlarging the 
ner conductors of the component lines in the vicinity of the T junction 
(sce Fig. 114). The equivalent circuit of the broad-band stub (Ig. 
11/5) is similar to the equivalent circuit of the simple T junction except 
that the component line sections have a slightly lower characteristic 
resistance than that of the main line. Usually lines 2 and 3 have equal 
‘alues of f, and line | a slightly different value. 
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(C) FREQUENCY CHARACTERISTIC OF 
LINE AT LEFT OF BB 


Fig. 11. Broad-band coaxial-line stub support. 


The broad-band property of the stub is the result of the reflections set 
up in the vicinity of the stub. Through proper choice of diameter and 
length of the enlarged conductors, reflections are made to cancel com- 
pletely at three frequencies in a band, and nearly completely at the 
remaining frequencies within the band. <A typical curve of standing- 
wave ratio introduced in the main line by a single stub is plotted in F 1g. 
11C as a function of frequency. 

The frequency characteristic of the stub may be explained in more 
detail with the aid of the equivalent. circuit and the Smith chart. If the 
stub is terminated in a resistance R, at point C and distances d,, dy, and 
d, are each made equal to a quarter wave at frequency fo, 2 flat line to the 
left of point B is obtained because line | and l. appear essentially as an 
open circuit at the junction of lines, and lines 2 and 3 together are equiv- 
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alent to a one-to-one (half-wave) transformer. On the Smith chart (Fig. 
12A), yx = G./G.3, the per-unit load admittance terminating hne 3, and 
yo, the per-unit input admittance of line 2, are therefore located at a 
common point. 

At frequencies below fo, lines 1, 2, and 3 are each less than a quarter 
wave, but a particular frequency f; below fo may be located at which 
Yo = yr At such a frequency d, is less than a quarter wave, and the 
input admittance y3 of line 3 is located at the point marked y31n Fig. 128. 
Adding y,, the inductive susceptance of line 1 to y3 yields y3’, the load 
admittance of line 2, and rotating point y3’ in the chart clockwise through 
a distance d, = d, yields the point ye = yz. 


Y 


o AE 


(fs (“Be 
LS = 


Fig. 12. Admittance relations for a broad-band coaxial-line stub support. 


Observe that a match of main-line admittances is possible at frequency 
Ji because the susceptance in the direction of the stub is opposite in sign 
to the susceptance component of y; and of such magnitude as to make the 
complex number y;’ the conjugate of the complex number y3. The stub 
is thus able to compensate exactly for the fact that d, + d, is less than a 
half wave. 

A frequency f2 above fy may also be found at which a conjugate relation 
exists between y3; and y;’. Admittances at the ends of the various Hine 
sections are indicated on the Smith chart of Fig. 12C. At this frequency, 
the susceptance in the direction of the stub exactly compensates for the 
fact that d, + d, is greater than a half wave. 

In general, the greater the change in main-line characteristic resistance 
at the stub, the more widely separated are the frequencies at which a 
perfect match is obtained. As the spacing of the critical frequencies is 
increased, however, a relatively greater mismatch occurs at the inter- 
mediate frequencies. Broad-band stubs are commonly designed to oper- 
ate over a range of + 10 per cent of {he mid-band frequency. The stand- 
Ing-Wave ratio introduced in the main lme by the stub may be maintained 
less than 1.02 over the band (See Fig. 11). 

A relation between the characteristic resistances of the component lines 
of the stub support and the frequencies at which a perfect match of main- 
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line sections is obtained may be derived rather simply if it is assumed that, 
(. is negligible and that d, = d, = d.=d. The load admittance termi- 
nating line 3 in Fig. 11B is Y, = 1/R., and the input. adinittance of the 
same line, which may be determined by manipulation of Jaq. 41, p. 496 of 


Glitep. MII, ts 


re =C Y, +4 IG es tan 2rd /X sath shel inc tl Liagitbaaa 2rd /r (1) 
© Ag IV. tan 2rd/d Rea 1/Rea + 91/2. tan 2rd /r 
Where Ges = 1/f.3 is the characteristic conductance of Hine 3 and 2rd /d is 
the electrical length of the component lines at Wavelength A. If d& is 
neglected, the input admittance of the stub is 
aad 


CON, 


a = — 7 oe = 
J bingy r 
As explained above, the requirement for a perfect match of lines is that 
}, must be twice the negative value of the Imaginary component of Ys. 
Thus if Eq. 1 is rationalized and the Imaginary part equated to oy. 
the result is 
] iyi) yd 2rd 


Res Cod 2ad/h + ee tan Dard /r a 2 eae cot =o (2) 








A rearrangement of terms in Eq. 2 leads to the following expression: 


Jad R. ae 1 Ros 
errs oF —— ae ee 
i Rela (ie) (+37) 


and since at wavelength Ag corresponding to the mid-band frequency fo, 
d = dd/4, 





cot = = cot 5 x = (0 5 ae 
Hence, 
9 T a = 2B R.3 ° | Reg 
a E (32) ( 9 i) 8) 


If the characteristic resistances R,, Re, and R,3 are known, Eq. 3 provides 
a’ means of determining the frequencies f; and fe below and above the 
center frequency fo at which the main-line sections are perfectly matched. 
One set of values for the characteristic resistances yields two values for 
the angle (7/2)(f/fo). From the values of these angles, fi/fo and fo/fo 
may be calculated. 

Waveguide T junctions of the &-plane and 3¢-plane types are illustrated 
In Fig. 134. Observe that the junctions are formed by inserting a side- 
arm guide into the broad or narrow face of a straight guide section. Thus 
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the side-arm guide may be thought of as replacing the cavity in the wave- 
euide-cavity-resonator devices described in Art. 18 of Chap. IX. In 
these devices a re-entrant cavity, rather than a guide section, 1s coupled 
to one of the faces of a rectangular guide. | 

From a comparison of the junctions of Fig. 13A and the equivalent 
circuits of the waveguide-cavity devices (Fig. 59, p. 694, and Fig. 60, 


we 





& - PLANE JUNCTION FE-PLANE JUNCTION 


(A) PICTORIAL REPRESENTATION 


L 


eee Sw sls s  _ eee _-~=~o ee) 


&- PLANE JUNCTION , JC-PLANE JUNCTION, 
SERIES CONNECTION PARALLEL CONNECTION 
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Fic. 18. Waveguide T junctions. 


p. 695, of Chap. IX), it may be seen that the &-plane junction provides a 
series type of connection and the 3¢-plane junction a parallel type of con- 
nection. The two forms of connections are shown in Fig. 13B. The 
diagrams of lig. 13B are intended only to indicate the basic types of con- 
nections rather than the equivalent circuits of the junctions. If exact 
equivalent-circuit: representations are desired, coupling elements must 
be inserted at the junction of lines in order to include the effects of dis- 
continuities at the junction.) = \ 


1 Sec) dorte~ample, C. G. MONTGOMERY, R. H. Dicks, and E. M. Purceu., Princei- 
ples of Microwave Circuits, 288-295 (MeGraw-Hill Book Company, Inc., New York, 
1948), 
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Of interest in connection with waveguide T Junctions are the electric- 
held patterns which result when 2 dominant wave is propagated in the 
side-arm guide of symmetrical &-plune and dC-plane junctions, the 
straight-through sections being terminated in matched loads. As indi- 
cated in Figs. 144 and B, the field in the vicinity of each junction has a 
rather complicated pattern because of the discontinuities in the euide 
Walls. ‘The composite pattern may, however, be thought of as being the 
result of both dominant and higher order waves. All wave Lypes present 
at the junction are coupled to the three component mde sections, but 
only dominant waves are propagated away from the Junetion. Thus 
smegle traveling waves are present in the straight-through sections, and a 
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(A) 6-PLANE JUNCTION (B) G-PLANE JUNCTION 


kig. 14. Dominant-wave electric-field patterns in waveguide T junctions. 


partial standing wave appears in the side-arm guide. The partial stand- 
ing wave results because the straight-through sections do not provide a 
matched load for the side-arm guide. Observe that the dominant waves 
in the straight-through sections of the &-plane junction are 180 deg out of 
phase at the junction of guides whereas in the 3¢-plane junction the waves 
are in phase at the corresponding point. 

6. Hybrid Junctions. A high-frequency device often useful in radar 
r-f systems is the hybrid junction. A hybrid junction is an essentially 
lossless device which, at high frequencies, may take the form of a metal 
enclosure at the junction of four transmission lines or waveguides. The 
hybrid junction guides waves from one to another of the four lines in a 
particular way. Alternate high-frequency forms of hybrid junctions 
employ several short lengths of transmission line or waveguide to connect 
the four main lines. Hybrid junctions built from transformers may also 
be used to join four low-frequency circuits. 

The basic properties of hybrid junctions may be explained by reference 
to the diagrams of Fig. 15. The first property, illustrated in Fig. 154, is 
that the junction can be completely matched by resistances; that is, the 
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values of the four resistors Ri, Re, R3, and Ry may be chosen so that 
the junction presents to each resistor a resistive input impedance of mag- 
nitude equal to that of the terminating resistor. Thus at entry | resistor 
I, faces a resistance Ry, at entry 2 resistor /2 faces a resistance /t2, and 
SO on. 

The second property is that, when the junction is completely matched, 
the entries may be paired in such a way that no power flow exists between 
entries of a pair. In Fig. 158, the paired entries are 1-2 and 3-4. Thus 
the upper left-hand diagram of Fig. 158 indicates that, with entries 3 and 
4 terminated by the resistance values specified in Fig. 154, an input power 
P at entry | divides equally between the loads at entries 3 and 4, and no 
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(A) MATCHED CONDITION 





(B) POWER DIVISION 


Fig. 15. Properties of hybrid junction. 


power reaches the load at entry 2. The power division is independent of 
the load impedance at entry 2 because no power is delivered to this 
impedance. The division of power apphed at each of the other three 
entries is indicated in the remaining diagrams of Fig. 15B. 

The significance of hybrid Junction properties may be brought out by 
the example of Ig. 16, in which power from two generators is coupled 
through a hybrid junction to two loads. Each entry of the junction is 
assumed to be connected to a transmission line of characteristic resistance 
equal to the resistance required at the entry for a perfectly matched 
junction. 

If the lines at entries 3 and 4 are terminated in matched loads, the 
Junction provides matched loads for the lines at entries 1 and 2, and hence 
no standing waves appear in the system. Furthermore, because entries 
3d and 4 are terminated in matched resistances, each generator, if con- 


na, 6] HYBRID JUNCTIONS S27 


nected in turn in the cireuit, delivers equal amounts of power {o entries 
3 and + but no power to the remaining entry. If both generators are 
connected simultaneously, power is, in general, delivered to entries 3 and 
4, but no exchange of power takes place. 

With both generators connected, the division of power betaveen entries 
3 and + depends upon the phase angles of the component voltages appear- 
Ing at each of the entries. These phase angles depend in turn upon the 
relative phases of the voltages at entries 1 and 2. The power delivered 
at each entry must be determined from the resultant voltage and current 
at the entry rather than by simple addition of the powers delivered when 
each generator acts alone, 


HYBRIO 


JUNCTION 





Fig. 16. Use of hybrid junction to connect two generators to two loads. 


The power division indicated above is obtained regardless of the 
nature of the generators. If, however, the generators are linear devices 
having constant internal impedances equal to the characteristic resist- 
ances of the lines to which they are connected, the junction has an addi- 
tional property of importance. Under this condition of operation, any 
change in the value of Ry has no effect upon the power delivered to R3. 
A change in the value of Ry may be thought of as being equivalent to an 
additional source in the circuit of Ry. Because power from this source 
divides equally between the matched resistances at entries 1 and 2, the 
power delivered to R; is unaffected. Each load may, therefore, be con- 
sidered to recerve its power from a generator of fixed power output and 
internal resistance, regardless of the impedance value of the other load. 
The hybrid junction thus provides power relations very different from 
those obtained in a parallel connection of two loads to a generator. In 
the parallel connection, reducing the impedance of one load would in 
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general reduce the power delivered to the other load because of the gen- 
erator internal resistance. 

The ideal-transformer circuit of Fig. 17 1s a hybrid junction that is of 
interest not only because it can be very closely approximated with actual 
transformers at low frequencies but also because 1t serves as an equivalent 
for one type of high-frequency hybrid junction. ‘That the circuit of Fig. 
17 has the properties described for a hybrid junction and that the four 
equal-valued resistances FR are the matching resistances fy, fe, Ks, and 
R, for the junction can be shown by direct circuit calculation. 

Consider first that power is applied at entry 3, the other entries being 
terminated in the resistances ?. The voltage across the secondary wind- 

ing of 7, divides equally between 


35-7 the resistances at entries 1 and 2, 
R and consequently point A is at the 


same voltage as pomt 6b. The 
Input power therefore divides 
equally between the resistances at 
entries 1 and 2, and no power is 
delivered at entry 4. Furthermore, 
the junction presents a matched 
resistance to the source at entry 3, 
since the load resistance across 
the secondary winding of 7, is 2R 
and the primary input resistance 
is 2 times (1/+/2)*, or R. Ob- 
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IiegG.17.  Ideal-transformer hybrid junction 


rao TW ACEH eISt ORS directions are taken in the direc- 


tions indicated in the diagram, the 
two output voltages e; and e: are 180 deg out of phase, e2 being in phase 
with e3, and e; being 180 deg out of phase with e3. 

If power is apphed at entry 4 instead of at entry 3, equal currents flow in 
opposite directions through the two halves of the tapped winding of 7). 
No net magnetomotive force is produced by the winding and conse- 
quently no current is required at entry 3. The voltage across both 
wimdings of 7’; is therefore zero, and the resistors at entries 1 and 2 are 
effectively in parallel across the winding of 7':. Thus the input power 
again divides equally between the loads at entries 1 and 2, and entry 3 is 
isolated from the source. ‘The input resistance at entry 4 is (4/2)? times 
Ie/2, or R. Note that the two outpyt voltages e; and e2 are now in phase, 
each being in phase with ey. or 

When power is applied to the circuit at entry 1, voltage ec, divides 
equally between half the tapped winding of 7, and the low-voltage wind- 
ing of 72, the input resistance for cach winding involved being R/2. The 


Arr. 6] HYBRID JUNCTIONS 829 


Voltage between points B and C is equal to the voltage between points B 
and A; hence no voltage appears at entry 2. The input resistance at 
entry 1 is &, as before, and the source power divides equally between the 
loads at. entries 3and 4. The phase of e, is the same as that of ¢, whereas 
c31s 180 deg out of phase with c; and e,. Because of the symmetry of the 
network, similar results are obtained if power is applied at entry 2, the 
only difference being that the voltages at entries 3 and 4 are both in phase 
With e2. ‘The phase relations of voltages in Fig. 17 are not included in the 
Inst of general properties of hybrid junctions given at. the beginning of the 
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Fic. 18. Waveguide hybrid junction employing combination §&-plane and 3C-plane junc- 
tions. 


article because different phase relations are obtained in some hybrid 
junctions. 

A high-frequency hybrid junction frequently employed in waveguide 
systems 1s a combination of &-plane and 3¢-plane T junctions, as illus- 
trated in Fig. 184A. That the device has at least some of the same 
properties as the circuit of Fig. 17 1s evident from a consideration of the 
symmetry of the fields in the Junction. If a 7'Fy,5 wave enters guide 3, 
for example, the electric-field pattern at the junction is somewhat hke the 
pattern in the simple &-plane Junction (see lig. 144, p. 825), and out-of- 
phase waves emerge from arms | and 2. The vertical component of 
electric field at the entrance to arm 4 is symmetrical about the plane of 
symmetry of the junction and is upward on one side of the plane and 
downward on the other. A field of this nature has no tendency to excite 
a dominant wave in arm 4, since the electric field of such a wave is in the 
same direction at all points in a cross-sectional plane of the guide. Higher 
order waves which may be excited are not propagated because guide 
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dimensions are chosen so that only dominant waves may be transmitted. 
No power reaches arm 4, therefore, when the source is in arm 3. 

Similarly, if power enters arm 4, the electric fields at the junction 
resemble those of an 3C-plane T Junction (Fig. 14B, p. 825), and in-phase 
Waves are propagated in arms I and 2. Since the electric fields are in the 
same direction on either side of the plane of symmetry, there is no tend- 
ency to excite a dominant wave in arm 3, and hence the power source in 
arm + delivers no power to arm 3. 

The above properties of the junction of Fig. ISA are represented quali- 
tatively in Fig. 18B. The waveguides are considered equivalent to trans- 
mission lines, and the &-plane and 3C-plane junctions are represented, in 
accordance with Fig. 13B, p. 824, by series and parallel connections of 
hnes, respectively. The parallel connection is made at the center point 
of the series connection, a center-tapped ideal autotransformer being 
introduced to make possible this connection. It should be borne in mind 
that, because discontinuity effects at the junction are appreciable, Fig. 
186 is not an accurate equivalent circuit for the junction but only a 
quahtative representation of the general nature of the connection. 

Vigure 186 suggests that, if the four similar guides are joined as in Fig. 
18A, and if arms | and 2 are terminated in matched loads and power 
applied through either arm 3 or arm 4, standing waves will be present in 
the input guide. In fact, if all four lines in Fig. 18B have the same 
characteristic resistance F,, and if lines 1 and 2 are terminated in matched 
loads, the terminating impedance for line 3 is 2R, and for line 4, R,/2. 
Thus a standing-wave ratio of 2 is encountered when either line 3 or line 4 
serves as the input hne. However, because Fig. 18B does not account for 
discontinuity effects in the guide system, standing-wave ratios in excess 
of 2 may be expected in the input guide unless matching devices are 
employed. 

In order that the junction of Fig. 184A may have all the properties of a 
hybrid junction when connected to matched guides, standing waves in 
arms 3 and + must be eliminated. Two common forms of matching 
devices used for this purpose are illustrated in Fig. 19. In order to main- 
tain balance between arms 3 and 4, the matching devices must be inserted 
in a manner that preserves the symmetry of the junction. The nght- 
hand matching plate in the junctions of Fig. 19 may be considered an 
asymmetrical iris in guide 3 and is adjusted experimentally in position 
and width to climinate standing waves in guide 3. The post (Fig. 19.4), 
or the left-hand matching plate (Fig. 19/5), is then adjusted to produce 
essentially unity standing-wave ratio in guide 4. Many different forms 
of matching devices can provide the completely matched condition at a 
single frequency, but considerable ingenuity is required to devise match- 
ing devices that will maintain the match over a broad band of f requencies. 
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The devices of lig. 19 ean be designed to provide standing-wave ratios 
less than about 1.2 over bandwidths of the order of 1 per cent in arm 4 
and over a cousiderably greater band in arm 3. 

Because the matching devices provide a completely matched junction, 
they may be considered to add ideal transformers of turns ratios 1 4/2 to 
the cireurt of Mig. 185. Addition of such (transformers to Fig. 18B con- 
verts the Junction portion of that cireuit into the cireuit of Fig. 17. Thus 
Fig. Iv is an equivalent eireuit for the waveguide junetion, the four 
resistances FR representing the characteristic resistance of the e@uides 
entering the Junetion. The completely matehed waveguide junction has 
all the properttes previously determined for the eireuit: of Fig. 17. In 
particular, when cach guide ts terminated in a matehed impedance, not 





(A) POST AND PLATE (B) TWO PLATES 


Fig. 19. Two forms of matching devices for waveguide hybrid junctions. 


only is power entering arm 3 excluded from arm 4, and vice versa, but 
also power entering arm | is excluded from arm 2, and vice versa. The 
matching devices are necessary to make the waveguide junction of Fig. 
184 truly a hybrid junction; the name magic T is often applied to the 
matched junction. 

A form of hybrid junction that is useful in coaxial-line systems is illus- 
trated in Fig. 20 and employs four quarter-wave line sections to connect 
the four main lines entering the junction. As indicated in the figure, two 
of the quarter-wave lines have the same characteristic resistance R, as the 
main hnes and the other two have a lower value R./1/2. The arms are 
numbered so that entries 1 and 2 form one pair and entries 3 and 4 the 
other pair, as in Figs. 17 and 18. Observe, however, that the arrange- 
ment of entries around the junction is different from that employed in 
the junctions previously discussed. 

An equivalent parallel-wire circuit (Fig. 20B), is drawn as an aid to 
the explanation of the operation of the junction. Assume that power is 
apphed to entry 1 and that entry 2 is temporarily short-circuited, the 
remaining entries being terminated in /t., the characteristic resistance of 
the hnes entering:the junction. Because the quarter-wave lines A and 2B 
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are each terminated in a short circuit, each line presents an open-circuit 
at its other termination. The source at entry 1 1s therefore effectively 
connected to the load resistances Rf, at entries 3 and 4 through the quarter- 
wave lines D and C. Since line C' is terminated in a matched resistance 
R., the input resistance to lie C' 1s also R,. Line D 1s therefore termi- 
nated by a resistance /?,/2, and its input resistance is (?,/~+/2)?/(R,/2), 
or R,. ‘hus standing waves do not appear in the input line connected to 
entry 1, and the input power divides equally between entries 3 and 4. 
Because of this power division, voltage /; has an amplitude 1/+/2 times 
that of /,, and if the positive voltage is in the direction indicated in the 
diagram, the phase of #3 1s opposite to that of #,. The currents /,and 





(A) SECTIONAL VIEW (8) EQUIVALENT CIRCUIT FOR INPUT 
AT |, SHORT CIRCUIT AT 2 


Big. 20. Coaxial-line hybrid junction of one-wavelength-ring type. 


fz entering the short circuit are equal in magnitude and opposite in phase. 
(Current /g has the same amplitude as /4 because the factor 1 /~/ Quis 
apphed to both the input voltage and characteristic resistance of line 
Bb.) The current in the short circuit is therefore zero, and no change in 
the operation of the circuit results if the short circuit is removed from 
entry 2. 

Because of the symmetry of the ring, the circuit operates in the above 
manner no matter which entry is connected to the source of power. With 
matched terminations no power is transferred between entries 1 and 2 or 
between entries 3 and 4. The device thus has all the properties of a 
hybrid junction. 

A ring type of hybrid junction may be constructed in a raviety of 
ways. For example, parallel-wire lmes may be employed in a mianner 
similar to the equivalent cireuit of Kig. 208. Alternatively, in the 
parallel-wire system, series rather than parallel connections may be 
employed between the ring and the main lines. Use of series connections 
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requires that lines B and D have a characteristic resistance of A/ DAR. 
The rng type of hybrid junction may also be employed in waveguide 
systems, and either J¢-plane or §-plane T junctions may be used to connect 
the four main guides to the ring. If connection is made with 3C-plane 
Junctions, a system equivalent to a transmission-line type of ring with 
parallel connections at the entries results. Use of S-plane 'P junctions 
viclds a system corresponding to a transmission-line type of ring with 
series connections at the entries. In waveguide systems, discontinuity 
efieets at the Junctions must be taken into account in determining the 
proper dimensions of the guides used in the ring. 


~ 34 7/9 





(A) SECTIONAL VIEW 


(8) EQUIVALENT CIRCUIT FOR 
INPUT AT 4, OPEN CIRCUIT AT 2 


Fig. 21. Waveguide hybrid junction of one-and-one-half-wavelength-ring type. 


An alternate form of ring type of hybrid junction differs from the junc- 
tion of Fig. 20 in that all four sections of the ring have the same character- 
istic impedance, but not all sections have the same length. In such rings 
the paired entries occupy alternate positions around the ring rather than 
adjacent positions, as in Fig. 20. The junction may be used in either 
transmission-line or waveguide systems, and either series or parallel 
connections to the ring may be employed. 

The alternate form of ring type of waveguide hybrid junction is illus- 
trated in Fig. 21.4 with &-plane T junctions between ring and main guide. 
The ring comprises three }4-\ sections and one 34-A section, \ being the 
guide wavelength. The 6 dimension of the guide sections in the ring is 
made less than the corresponding b dimension of the main guides by an 
amount that makes the impedance of dominant waves in the ring 1/+/2 
times the impedance of dominant waves in the main guide sections. 

A transmission-line equivalent of the ring is drawn in Fig. 216 for the 
conditions that power 1s applied at entry 1, an open-circuit exists at the 
junction of guide 2 with the ring, and the.transmission lines at entries 3 
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and 4 are terminated in matched loads. The upper and lower transmis- 
sion paths between entries 1 and 2 are alike, except for an extra half 
wavelength of line in the lower path. Voltages F. and /, are therefore 
equal in amplitude and, for the reference directions shown in the figure, 
are 180 deg out of phase. Thus the output voltage at entry 2 is zero, no 
power 1s delivered at entry 2, and with entry | as the source, operation is 
the same regardless of the way entry 2 is terminated. With an open 
circuit at entry 2, hnes B and C have zero input impedance, and hence 
lines A and D each have an input impedance equal to (?./+/2)?/R., or 
F,./2. Similar reasoning may be applied to show that operation of the 
circuit is the same when any of the remaining entries acts as the source of 
power. ‘The device therefore has the properties of a hybrid junction. 

¢. Directional Couplers. The hybrid junction discussed in Art. 6 is 
a special form of a more general type of four-entry device known as the 
directional coupler. Directional couplers have properties similar to those 
of a hybrid junction—each entry of the coupler may be terminated in a 
matched resistance, and when the coupler is completely matched, the 
entries may be paired in a way that no power flow takes place between 
entries of a pair. The difference between a hybrid junction and a direc- 
tional coupler hes in the amount of coupling that exists between entries 
that do not constitute a pair. In a hybrid junction, the source power 
divides equally between the two entries receiving power, but in a direc- 
tional coupler, there need not be an equal division of the source power. 
In general, one entry receives some fraction of the total power involved, 
and the other entry the remaining fraction. Should the source power 
divide equally, the directional coupler becomes identical with the hybrid 
junction. 

Figure 22 indicates the division of power among the entries of a direc- 
tional coupler for various locations of the power source. The transmis- 
sion lines connected to the coupler are assumed to be terminated in 
matched loads and to face an impedance equal to their characteristic 
resistance. In Fig. 224, the heavy dashed line indicates that most of 
the power applied at the input terminals of line 1 is coupled to entry 4+ 
and the light dashed line signifies that only a small amount. of power 
appears at entry 3. The remaining entry receives no power, and hence 
lines 1 and 2 are completely decoupled. If the source is transferred to 
line 4, as in lig. 22B, entries 1 and 4 are closely coupled as before, entries 
2 and 4 are loosely coupled, and entries 3 and 4 are completely decoupled. 
The division of power resulting when the source 1s connected to lines 2 and 
3.18 indicated in the remaining diagrams of Fig. 22. 

Devices that approximate the directional-coupler characteristics just 
described are frequently employed in r-f transmission lines of radar sets 
to permit evaluation of the r-f system performance. For example, if the 
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source connected to line lin ig. 22A is the radar transmitter and the 
load terminating line 4 is the antenna, the power delivered at entry 3 1s 
directly proportional to the transnutter power and hence is a measure of 
the output power of the radar set. If the small amount of power diverted 
toward entry 3 is used to exeite a high-Q cavity such as an echo box (see 
Art. 18), the cavity may be tuned to resonance and an indication of the 
transmitter frequeney thus obtained. Details of these appheations are 
discussed in Art. IS. 

Beeause the couplers used in the above measurements are intended 
to operate over a band of frequencies, a small amount of coupling usually 
exists between entries of a pair. This coupling results because the 
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Fic. 22. Power division in a directional coupler. 


couplers do not provide a perfect match of impedances over the operating 
range of frequencies. Through careful design, however, it is possible to 
maintain the amount of this coupling extremely low and thus to approxi- 
mate closely the ideal coupler. 

One type of directional coupler for use with coaxial lines is illustrated 
in Fig. 234. Branch lines 2 and 3 are sections of coaxial lines, the inner 
conductors of which form a closed loop inside the mainline sections 1 and 
4. <All lines are assumed to be terminated in matched loads. 

The coupler depends for its operation upon the fact that, when a trans- 
verse-electromagnetic wave is propagated in the main-line sections, both 
the electric- and magnetic-field components of the wave give rise to 
currents in a circuit comprising the loop and branch hnes 2 and 3. In 
one branch line the current components are in phase and hence permit 
power to be delivered to the load termination. In the other branch line, 
the current components are 180 deg apart in phase and thus tend to 


836 R-F TRANSMITTING AND RECEIVING SYSTEMS ([Cuapv. XII 


cancel. If the branch-line current components are of equal magnitude, 
ho power will be transmitted in one of the branch lines. 

The reason that the components of the branch-line currents are in 
phase in one line and 180 deg out of phase in the other may be explained 
from Hig. 23.8, which is an equivalent circuit of the coupler. In terms of 
the electric field in the main line, the coupling loop may be thought of as 
constituting a capacitance voltage divider between inner and outer main- 
line conductors, the voltage between outer conductor and loop being 
appled to the branch lines in parallel. This voltage divider is repre- 
sented in the equivalent circuit by capacitors C; and C. in series across the 
main line. The series inductances L; and Le in Vig. 236 represent mag- 
netic coupling between main line and coupler. In Iig. 23A the current 
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Fic. 28. Coaxial-line directional coupler. 


in the main line is associated with a magnetic flux that induces a voltage 
in series with branch lines 2 and 3. Similarly, in Fig. 238, current in the 
main line gives rise to a voltage across L, and L» which is in series with 
lines 2 and 3. (See Art. 14, Chap. IX). 

Assume in Fig. 238 that power is applied to line | and that all lines are 
terminated in matched loads. At the instant the main-line voltage e; at 
the coupling loop has the polarity indicated on the diagram, the voltage 
across C gives rise to branch-line currents 7» and ?3 In the directions 
shown. At the same instant the main-line current 2, at the coupling 
loop flows to the right in the upper conductor and produces a series 
voltage which gives rise to branch-line currents 7.’ and ?3/ in the direc- 
tions shown. If the current components in each branch line are of equal 
magnitude, the total current in line 2 is zero and no power is propagated 
toward entry 2. In line 3, however, the current components add, and 
power 1s delivered to the terminating impedance at entry 3. 

Actually, zero current in liné 2 is not achieved because the field inten- 
sities are never exactly uniform along the length of the loop, and as a 
result, the components of line 2 current are not exactly 180 deg apart in 
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phase. Tf the axial length of the loop is made small compared with the 
operating wavelength, however, a very good approximation to zero cur- 
rent can be obtamed. 

The magnitudes of the current components in the branch lines may be 
adjusted by changing the size of the loop and its loeation between main- 
line conductors. Increasing the axial length of the loop, while main- 
taming its position between conductors fixed, increases the amount of 
magnetic flux linking the loop and the magnitudes of branch-line currents 
due to the magnetic field are therefore increased. Maintaining the area 
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Fic. 24. Single-aperture waveguide directional coupler. 


enclosed by the loop constant, while extending the loop farther into the 
main line, changes the capacitance-voltage-divider ratio so as to increase 
the output voltage and hence increases the current components due to the 
main-line electric field. 

A waveguide counterpart of the coaxial-line coupler of Fig. 23 may be 
formed by placing the broad surfaces of two rectangular-guide sections in 
contact with each other and coupling the two sections together by means 
of a small aperture in the contacting surfaces. Such a coupler is repre- 
sented pictorially in Fig. 244. 

The directional property of a single-aperture waveguide coupler results 
from the fact that, when a dominant wave is propagated in the main 
ouide, both the electric field and the transverse component of the mag- 
netic field of the wave produce electric fields in the auxiliary guide. The 
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directions of the component electric fields in the auxiliary guide are such 
that the fields tend to cancel in one direction from the aperture and rein- 
force m the opposite direction. If the magnitudes of the component 
fields are made equal, a wave will be propagated in one direction in the 
auxihary guide but not in the other. 

Details of the field patterns in the coupler when a dominant wave is 
propagated to the right in the main guide are given in Figs. 24B, C, and D. 
IMgure 245 shows the electric field produced in the auxiliary guide by the 
portion of the main electric field that fringes through the aperture, and 
lig. 240 indicates the electric field set up in thé auxiliary guide by the 
main magnetic field. The latter component of electric field results 
because the coupling aperture interrupts a portion of the longitudinal 
current associated with the transverse magnetic field in the main guide. 
When the two component electric fields in the auxiliary guide are super- 
posed, as in Fig. 24D, it may be seen that the fields to the left of the 
aperture reinforce one another and give rise to a dominant wave which 
travels to the left in the upper guide. The fields to the right of the 
aperture tend to cancel, however, and if an exact cancellation is achieved, 
no power 1s transmitted to the right. Power transmission to the right 
may be minimized through proper shaping of the coupling aperture or by 
skewing the axis of the auxiliary guide with respect to the main-guide axis 
(see Fig. 244). 

When the directional coupler of Fig. 24 is used for making measure- 
ments on the r-f system of a radar set, one end of the auxiliary euide is 
terminated in an absorbing material that provides a matched load for the 
guide section. Details of this type of termination are discussed in the 
next article. The opposite end of the auxiliary guide contains a pickup 
probe and output device. These elements also provide, as nearly as 
possible, a matched load for the auxiliary-guide section. 

A waveguide directional coupler employing two coupling apertures is 
illustrated in Fig. 25A. The guide sections are joined along their narrow 
walls and coupled together by means of two similarly shaped apertures 
spaced one-quarter guide wavelength apart. 

Because the holes are located at points of zero electric field in the main- 
wave pattern, coupling between guides is due almost entirely to the mag- 
netic-field component of the main wave. Thus each coupling aperture 
gives rise to two waves—one in each direction in the auxiliary guide. 
The directional property of the coupler results because of cancellation of 
the component waves traveling in one direction and reinforcement of the 
component waves propagating in the opposite direction. 

Details of the operation of the coupler of Fig. 254 may be explained in 
terms of its two-wire equivalent circuit drawn in Fig. 25B in accordance 
with the principles explained in Art. 18 of Chap. IX. In the equivalent 
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circuit, taductanees La and Ly aeeount for the coupling provided by each 
aperture, and resistors Wy, Rs, Rs, and Ry provide matehed loads at the 
various entries. When a wave ts propagated to the right in the main 
line, asmall portion of the power in the wave is diverted at pomt A toward 
the aunthary Ime, and as a result, (wo equal-amplitude waves traveling in 
opposite directions are set up in the auxiliary line. Similarly, a small 
portion of the main-line power ts diveried at point B toward the auxtiary 
line, and (wo more waves traveling in opposite direetions on the auxiliary 
line are setup. Beeause the component waves traveling to the neht of 
pomnt Boon the auxiliary line traverse paths of equal leneth, they are m 
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(B) EQUIVALENT CIRCUIT 
Fic. 25. Two-aperture waveguide directional coupler. 


phase and hence reinforce each other. Power is therefore delivered to 
Rs3. ‘The component waves traveling to the left of point A on the auxil- 
lary line are 180 deg apart in phase, however, since they traverse paths 
that differ in length by one-half wavelength. These waves therefore 
cancel, and no power is transmitted to Ro. If the coupling inductances 
L, and L, are small, the input impedance of the branch lines in parallel 
with the main line is extremely high; consequently, very little of the 
main-line power is diverted to the auxiliary guide, and very little mis- 
match is introduced into the main line by the coupling apertures. 
Two-aperture coaxial-line directional couplers are similar to two- 
aperture waveguide couplers, except that the aperture spacing is made 
one-quarter wavelength as measured in space. Observe that in two- 
aperture couplers power flow in the auxiliary line or guide section is in the 
same direction as in the main section, whereas in single-aperture couplers, 
power flows in the main and auxiliary sections in opposite directions. 
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8. Attenuators. Frequently, in r-f transmission systems and asso- 
ciated test equipment, attenuators are inserted at points of the r-f line or 
waveguide in order to reduce the amount of power transferred at the 
attenuator location. Local oscillators, for example, are sometimes con- 
nected to the main transmission line through an attenuator (see Art. 16), 
and r-f power-measuring devices usually include an attenuator in their 
input circuits to limit the power apphed to the measuring circuit. In still 
another application, an attenuator is required to absorb without veflection 
all the power incident upon it and thus to provide a matched-load termi- 
nation for the line or guide to which it 1s connected. At low-power levels 
matched-load terminations are required at one end of the auxiliary line or 
guide of a directional coupler. At high-power levels they are used to 
replace the antenna of a radar system during periods of testing. 
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Fig. 26. Attenuator inserted between two matched transmisston-line sections. 


Attenuators may control the amount of power transferred between 
points of a transmission system either by absorbing some of the power 
in the system or by reflecting some of it. Attenuators that operate on 
the power-absorption principle use, as the dissipative element, materials 
such as finely divided iron or carbon, a high-resistance alloy such as 
nichrome, various types of high-loss dielectric materials, or extremely 
thin layers of low-resistance metals. Attenuators that operate on the 
power-reflection principle employ sections of waveguide operated at fre- 
quencies below cutoff. Both types of attenuators are discussed in this 
article. 

The amount of attenuation that results when an attenuator is inserted 
between two sections of transmission line 1s usually defined for the imped- 
ance conditions indicated in Fig. 26. The line sections have a character- 
istic resistance /?., and the generator and load impedance are assumed to 
be equal to /t.. For these impedance conditions, the attenuator is made 
to have an input and output impedance equal to ?.; hence, the generator 
and load each face an impedance fF... In absence of the attenuator, the 
generator delivers maximum power to the load, the amount of power being 
P, = £,°/4Rk.. The reduction in power to the load, or the attenuation A 
in decibels, that results when the ajtenuator is inserted in the line is 
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where Peis the power delivered to the load with the attenuator in the line. 
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Observe that, because the generator and load face matched imped- 
anees, the attenuation Ais a property of the attenuator alone and is 
independent of the lengths of the line sections. If, on the other hand, the 
mput and output impedances of the attenuator are such that the gen- 
erator and load do not face matched impedances, the attenuation depends 
not only upon the attenuator characteristics but also upon tne lengths 
and is thus more sensitive to shght changes in frequency. Microwave 
attenuators are usually calibrated under the matched-impedance condi- 
tions illustrated in lig. 26. In order for the cahbration to be significant, 
therefore, it is necessary that the attenuator be employed in hnes or 
ouldes that provide stmilar conditions of impedance match. 

Power-absorbing Attenuators. Vhe simplest form of coanial-line attenu- 
ator of the power-absorbing type is a coaxial cable having a high-resist- 
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(A) STUB-SUPPORTED INNER CONDUCTOR (8) BEAD-SUPPORTED INNER CONOUCTOR 
Tic. 27. Coaxial-line attenuators having metalized-glass inner conductors. 


ance inner conductor. One type of such cable, designated as Type 
RG-21/U, makes use of nichrome wire as the inner conductor and has an 
attenuation of approximately 0.8 db per ft at 10 cm and 1.6 db per ft at 
3.3 em. The cable is therefore of convenient length when a few decibels 
of attenuation are required but becomes unwieldy when large amounts 
are needed. High-loss coaxial cable is used primanly m applications 
where precise values of attenuation and good tmpedance matching are 
not extremely important. The attenuation of a fixed length of cable may 
vary appreciably with changes m temperature and may also be affected 
if the cable is subjected to bending or twisting movements. Although 
the characteristic impedance of the RG-21/U cable is nominally 50 ohms 
nnd is very nearly resistive, the actual characteristic impedance may 
differ from the nominal value by as much as +5 per cent. ‘Thus if the 
cable 1s connected to a 50-ohm line, the resulting mismatch of character- 
istic impedances may give rise to standing-wave ratios as high as 1.1 on 
the 50-ohm line. 

A more precise type of coaxial-line attenuator than the high-loss coaxial 
cable is illustrated in Fig. 27. As indicated in the figure, these attenu- 
ators make use of a section of air-filled, rigid, coaxial hne, the imner 
conductor of which consists of a thin film of metal on a dielectric support, 
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usually glass. Either a stub support or beads may be used to hold the 
inner conductor in place. The inner conductors are constructed as 
separate units and provided with bullet-shaped end connectors that fit 
into the beads or stub. This type of fixed attenuator, or pad as it is 
sometimes called, 1s quite rugged and can be expected to maintain its 
calibration despite changes in temperature and humidity. 

The metahzed-glass attenuators of Fig. 27, ke high-loss cables, make 
use of high-resistance mmner conductors. The inner-conductor resistance 
is made high by maintaining the thickness of the metallic film less than 
the skin depth of the film material. Actual film thicknesses normally 
range from 107° to 107-° cm, depending upon the amount of resistance 
required to produce the desired attenuation. The nature of the film 
material hkewise depends upon the amount of resistance required and 
also upon the process used to deposit the material on the support.! 
Commonly used film materials are nichrome and mixtures of platinum 
and gold or palladium. 

In order that metahzed-glass attenuators may be of convenient length 
and still provide large amounts of attenuation, the per-unit-length resist- 
ance of the attenuator must be appreciably larger than that of a low-loss 
line. The characteristic impedance of the attenuator may therefore be 
expected to contain an appreciable reactive component, and as a result, 
reflections may be expected at the ends of the attenuator unless suitable 
matching sections are provided. Usually a matching section is located 
at each end of the attenuator. The section nearer the power source 
serves to provide a matched load for the line section between source and 
attenuator, and the section nearer the load ensures that the output 
impedance of the attenuator matches the line section between attenuator 
and load. The matching sections are made an integral part of the 
attenuator by changing the film thickness of the inner conductor (and 
hence the characteristic impedance of the attenuator) by the proper 
amount near each end. In units that provide less than about 10 db of 
attenuation, the matching sections may be omitted without causing 
serious mismatches of impedances, but for attenuations appreciably 
greater than 10 db, matching sections are necessary. 

Metahized-glass rods may also be used in variable coaxial-line attenu- 
ators. In one type a metal tube is arranged to slide over the metalized- 
glass rod forming the inner conductor of the attenuator. <A portion of the 
metallic film is thus short-circuited by the tube, and variable amounts of 
attenuation are obtained. Attenuators which provide from 3 to 40 db of 
attenuation with standing-wave ratios less than 1.25 over a +10 per cent 


1A very thorough discussion of the techniques involved in fabricating metalized- 
glass attenuators is contained in C. G. Monraomery, Technique of Microwave Meas- 
urements, (01-162, 774-778 (MeGraw-Hill Book Company, Inc., New York, 1947). 
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frequeney band are possible with this type of construction. A similar 
performance, except for shgehtly higher standing-wave ratios, may be 
obtamed by allowing the metal tube to slide inside the metalized-elass 
rod. The glass provides high-capacitanee coupling between the metal 
tube and metalhe film and effectively short circuits the film to the tube. 

Iigure 284 dlustrates a waveguide attenuator of the resistive type, 
formed by inserting a metalized-glass plate in the guide parallel to the 
side wall. ‘The metal film short-cireutts a portion of the electric field in 
the guide and gives rise to a current in the film. The film current results 
Ina portion of the guide power being dissipated. The film is deposited 
on one side of the plate and covers the entire surface except for small 
rectangular sections near the ends (see Fig. 28-1). The metallic end 
sections thus formed provide the necessary impedance matching between 
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(A) FIXED ATTENUATOR (8B) VARIABLE ATTENUATORS 
Fig. 28. Waveguide attenuators. 


attenuator and guide sections connected to it. The dimensions of the 
main attenuating film and matching sections are determined by the 
amount of attenuation required. 

The glass plate 1s supported within the guide by means of two metal 
rods cemented to the plate and attached to the side walls of the guide. 
The plate is usually located a distance of approximately a/8 from one 
side wall, where ais the guide width. Locating the plate at this point 
vields an attenuator relatively insensitive to changes in frequency. An 
alternative to the metalized-glass plate is a resistance card made by coat- 
ing a thin sheet of diclectric material with a mixture of graphite and a 
suitable binder. Resistance-card attenuators are in general more sensi- 
tive to changes in temperature and humidity than are the metalized-glass 
Cae: 

The attenuator of Fig. 284 may be made variable by moving the plate 
in a way that allows the metallic film to short-circuit various amounts of 
electric field. In one type of variable attenuator (Fig. 28B, left), the plate 
is moved back and forth across the guide by means of a drive mechanism. 
An alternative type (lig. 285, right) moves the plate in and out of the 
guide at a fixed location between side walls. 


S44 R-F TRANSMITTING AND RECEIVING SYSTEMS (Cuap. XII 


Matched-load Terminations. Power-absorbing attenuators having high 
values of attenuation make suitable terminations for a transmission line 
or waveguide, provided they are able to dissipate the required amount of 
power without danger of burnout. In some applications, as in direc- 
tional couplers, the power involved is very small, being of the order of a 
few tenths of a watt. In other applications, such as when the attenuator 
is used as a load termination for a radar transmitter, as much as | kw of 
average power must be absorbed. 

Low-power coaxial-line loads are constructed, as shown in Fig. 29, by 
closing off the end of a line section with a metallic plug and inserting a 
power-absorbing material in the space near the end of the section. ‘The 
power-absorbing material may be a high-loss dielectric cloth impregnated 
with a power-dissipating maternal such as finely divided carbon and a 
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(A) TAPERED TERMINATION (B) SHOULOER TERMINATION 
Fic. 29. Low-power matched-load terminations for coaxial lines. 


binder or finely divided iron powder and a binder. The binder may be 
bakelite or a form of polystyrene. A good impedance match is obtained 
between load and line either by tapering the dissipative material as shown 
in Fig. 294A or providing it with a shoulder as indicated in Fig. 298. 
Standing-wave ratios less than 1.04 can be attained over a 10 per cent 
frequency band with terminations of this type. 

Low-power loads for rectangular guides employ as the power-absorbing 
material either powdered iron and a binder or a strip of dielectric material 
on which is deposited a film of resistive material such as finely divided 
carbon mixed with a binder. For 3- and l-em guides a low-reflection 
termination may be obtained by tapering a block of powdered-iron 
material toward the bottom wall and one side wall of the guide, as shown 
in ig. 830A. Usually the cross-sectional dimensions of the uncut block 
are made slightly less than those of the guide. An alternative form for 
the block is illustrated in Fig. 30B. With either shape, the standing-wave 
ratio in the main guide can be maintained less than 1.02 over a frequency 
band of several per cent. 
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At 10 em a resistance ecard is preferable to an iron block beeause of the 
excessive size of block required. The card is located parallel to the side 
Walls of the guide and extends from top to bottom wall. The back edge 
of the card is placed against the closed end of the guide, and the front 
edge is tapered from top and bottom walls to the axis of the guide as a 
means of providing impedance matehing. The over-all length of the 
‘ard is approximately one guide wavelength. A somewhat shorter and 
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(A) 3-CM AND I-CM TERMINATION (B) ALTERNATIVE SHAPE FOR POWER- 
ABSORBING MATERIAL IN PART A 





(C) tO-CM TERMINATION (0) ALTERNATIVE LOCATION FOR POWER- 
ABSORBING MATERIAL IN PART C 


Kia. 30. Low-power matched-load terminations for waveguides. 


more rugged termination may be obtained by placing two cards side by 
side, asin Fig. 30C. 

If standing-wave ratios of the order of 1.2 can be tolerated, the resist- 
ance card may be placed at right angles to the axis of the guide, as shown 
mn big. 30D. It 1s usually desirable to close off the guide approximately 
a quarter wave beyond the card in order to make the portion of guide to 
the rear of the card the equivalent of an open circuit in parallel with the 
card resistance. . 
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Instead of resistance cards, metalized-glass plates similar to those 
illustrated in Fig. 27 may be employed in low-power load terminations for 
waveguides. Metalzed plates have the advantage of being more rugged 
than resistance cards and are less affeeted by changes in temperature and 
humidity. 

Migh-power matched-load terminations for coaxial lines and wave- 
guides are pictured in Tig. 31. The coanxial-line load (Fig. 31A) is 





(A) COAXIAL - LINE LOAD 





CROSS-SECTIONAL VIEW THROUGH A-A 





CROSS-SECTIONAL VIEW THROUGH 8-8 


(B) RECTANGULAR —- WAVEGUIDE LOAD 
Tig. 31.) High-power coaxial-line and waveguide loads. 


intended for 10-cm operation and makes use of powdered graphite and a 
cement binder as the power-absorbing material. The mixture is molded 
and is tapered toward the input end to provide a matched termination. 
The fins attached to the outside of the assembly serve as extra cooling 
surfaces. Loads of the type illustrated in Fig. 314 are capable of dis- 
sipating up to 100 watts of wverage power and of maintamme in the 
lines they terminate a standing-wave ratio of less than 1.1 over a +10 
per cent frequency band. 
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Hhigh-power waveguide loads are commonly constructed by making the 
Walls of the guide from a power-absorbing material similar to that used 
in the coaxial-line load. The external appearance and constructional 
details of such a load are given in Fig. 3EB. In order to ensure uniform 
dissipation of power throughout the load as well as good impedance 
matching, the 6 dimension of the load is diminished gently near the input 
end and then vathev sharply as the far end is approached. Only a sheht 
reduction is made in the @ dimension with distance along the axis of the 
load. With this type of construction 10-em waveguide loads capable of 
dissipating up to 1 kw of average power are possible. Similar 3-em loads 
can handle up to 200 watts of average power. 

Cutoff? Attenuators. A cutoff type of attennator depends for its opera- 
tion upon a waveguide operating below cutoff. Because the fields in such 
a euide attenuate exponentially with 
distanee along the axis, it is possible ee 
to vary the amount of power trans- 
ferred between input) and output 
ends of the guide simply by varying 
the guide length. 

The essential features of a cutoff 
attenuator are illustrated in Fig. 32. 
A section of waveguide in the form 
of a hollow metal tube is placed over 
the outer conductors of two rigid co- 
axial-line sections, the guide diameter a 
being chosen so that operation is be- yas en i secures OL ae ames 
low the cutoff frequency. The line 
sections are terminated within the guide by coupling loops separated a 
distance which depends upon the amount of attenuation required. (In 
variable attenuators, one line section is rigidly attached to the guide and 
the other section is allowed to slide back and forth within the guide.) 
The circular disk shown in each line section serves as an impedance- 
matching device. 

When a power source 1s connected to line 1, the current in the Kne-1 
coupling loop gives rise to a magnetic field in the form of closed loops 
along the axis of the cutoff tube. The magnetic-field pattern is similar 
to a single half-wave pattern of a 7’, wave in a circular guide except 
that the intensity of the field diminishes with distance from the coupling 
loop terminating line 1. The intensity of the magnetic field hnking the 
line-2 coupling loop and hence the magnitude of the voltage induced in 
the loop depend upon the separation distance of the two coupling loops. 

An electric field is also present within the cutoff tube, and as explained 
in Art. 12 of Chap. VIII, the electric and magnetic fields are 90 deg apart 
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in phase. The impedance associated with the fields is therefore in the 
nature of a reactance. 

An advantage of a cutoff type attenuator is that the amount of attenua- 
tion resulting from a given separation distance of the coupling loops may 
be determined by direct calculation. JT’rom Eq. 65 of Chap. VIII, a, the 
below-cutoff attenuation per unit length of guide, is 


Oa No 
a Ao Ve “) 
where Ao 1s the space wavelength and A,, 1s the cutoff wavelength of the 
traveling wave which corresponds to the field pattern in the guide. If 
the pattern corresponds to that of a 7’#;,, wave, \.o equals 1.71 times the 
diameter of the guide. Multiplying Eq. 4 by the separation distance of 
the loops gives the total attenuation. 

In general, calculated values of attenuation are most representative 
of actual values in the region of high attenuation. In the low-attenua- 
tion region, the fields within the cutoff guide are likely to include one or 
more components that correspond to higher order wave types. Each 
. component field may contribute coupling between input and output loops, 
in which case the over-all attenuation depends upon the relative ampli- 
tudes and phases of the various component fields at the output loop. 
Because the higher order fields attenuate more rapidly than the TE, , 
field, the effect of higher order fields becomes less important as the loop 
separation distance becomes large and is generally negligible for separa- 
tion distances that yield attenuations above 20 db. 

Impedance-changing devices are always included in cutoff attenuators 
because of the large amount of mismatch that exists between the line 
sections and waveguide. At high values of attenuation, the coupling 
between lines | and 2 is extremely small, and the terminating impedance 
of line | 1s essentially the reactive impedance of the below-cutoff guide. 
In order to provide a matched load for line 1, therefore, a complex- 
Impedance element must be located near the terminating loop. A similar 
element is required in the output line to make the output impedance of 
the attenuator match the characteristic resistance of the output line. 

One form of impedance-changing device commonly employed makes 
use of a circular resistive disk normal to the axis of the line (sce Fig. 32). 
The disk is constructed from a dielectric material and carries a coating 
of carbon on one surface. Rings of silver paste baked on the disk at the 
inner and outer edges permit the disk to be soldered in place. At micro- 
wave frequencies the disk is equivalént to a complex impedance across the 
line, the resistive component of the impedance being due mainly to the 
carbon material, and the reactive component to the combined effects of 
the capacitance resulting from the presence of the dielectric material and 
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the inductance of the carbon surface. By properly locating the disk along: 
the line it ts possible to cancel the reactive component of the disk lmped- 
ance with the reactive component of the input impedance of the attenu- 
ator and to present a matched resistive load to the rest of the line. 
Alternate impedance-changing methods make use of a small (14 9 watt) 
resistor either in series with the inner conductor of the line or shunted 
between mner and outer conductor. A good impedance match on a 
00-ohm line is possible with a resistor having a nominal value of 50 ohms. 
Sometimes it 1s possible to obtain a sufficiently good match by placing 
the resistor at the end of the line and making it serve as the coupling loop. 
J. Balanced-to-unbalanced Transformers. <As explained in Art. | of 
Chap. VII, a coaxial line is used to connect the transmitter and antenna 
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Fire. 33. Balanced-to-unbalanced transformer used with uhf oscillator. 


of nearly all uhf radar systems and many 10-cm microwave systems. 
Use of a parallel-wire line for this purpose is generally undesirable because 
radiation from the Hne causes an appreciable reduction in the power 
delivered to the antenna. Parallel-wire lines are very frequently used, 
however, as the resonant elements of uhf transmitters. Because these 
lines are usually balanced to ground, they cannot be connected directly 
to coaxial hnes, the outer conductor of which is always grounded. Con- 
nection must be made through a balanced-to-unbalanced transformer. 

A balanced-to-unbalanced transformer is also necessary at the antenna 
end of the coaxial line because radar antennas are normally composed of 
one or more pairs of radiating elements, each element having essentially 
the same impedance to ground. Attaching such an antenna to a coaxial 
line upsets this balanced-to-ground condition unless connection is made 
through an appropriate transformer. 

The operation of a balanced-to-unbalanced transformer may be 
explained from Fig. 33, which shows the device used for connecting the 
cathode line of a uhf oscillator to a coaxial transmission Hine. The inner 
conductor of the antenna coaxial line is’ connected to one tap of the 
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cathode line, and the outer conductor is attached to the shorting bar. A 
coaxial line one-half wavelength long is connected between the two taps 
of the cathode hne to avoid unbalanced loading of the oscillator. 
Explanation of this device 1s most easily made in terms of transmission 
in the reverse direction, that is, from the unbalanced-to-ground coanial 
line to a balanced-to-ground cireuit. Actually, the device may be used 
equally well for transmission in either direction. In Fig. 344, an r-f 
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(C) BALANCED-TO-UNBALANCED TRANSFORMER (0) ALTERNATE FORM OF BALANCED-TO 
SIMILAR TO THAT OF FIG. 33. UNBALANCED TRANSFORMER. 


Fig. 34. Derivation of balanced-to-unbalanced transformer. 


voltage source feeds a coaxial transmission line that connects to two other 
coaxial lines in parallel, each of which is terminated by a load resistance 
R, equal to its characteristic resistance R,. If the characteristic resist- 
ance of the first coaxial line is R./2, then no standing waves appear in the 
circuit, and the resistance presented to the source is ?,/2. 

In Fig. 3456, the same line system is shown, except that the distance 
AC is carefully made one-half wavelength longer than the distance AB. 
Thus the voltage at the center conductor of end B is of opposite phase to 
the voltage at the center conductor of end C, and the voltages supplied to 
the two resistors R, are balanted to ground. If current flows from the 
center conductor at end B to the resistor at a particular instant, then at 
the same instant current flows from the resistor into the center conductor 
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at end C, as indicated by the arrows. Conditions are not changed, there- 
fore, if the outer conductors are shorted together at Band C and the 
two resistors are joined together, as shown in Fig. 384C. In this way, 
balanced-to-ground voltages are supplied to the load resistor 2,’ = 2), 
from a source having one end grounded. 

Lhe device m Fig. 384C is essentintiy the same as the balanced-to- 
unbalaneed transformer shown in ie. 33. Ho in lig. 34C the distance 
AD is reduced to zero and the distance AC toa half wave, and if a portion 
of the outer conductor near point -f is removed, the result) is 1dentical 
with the device m Pie. 33. Sinee the distance AC is one-half wavelength, 
the charneteristic resistance of the section of line between A and C need 
not be R.. In Fig. 384C a resistance 2A, placed at. the balanced-to-ground 
end of the transformer results mn a resistance /?,./2 at the unbalanced-to- 
eround end ‘Therefore, there is a transformation ratio of 4:1 for imped- 
anees in tlis device, and in Fig. 33 the 
rmpedance placed between the tivo taps is 
four Qmes theinput impedance to the antenna 


x 
4 


transmission line. 

An alternate form of the transformer, 
shown in Fig. 34D. 1s obtained from 
hig. 34C by collapsing the wall surround- 
ing the space D so that 1t becomes a — quarter-wave 
partition within the outer conductor. Re ts @tartereteue melee 
Removal of this partition results in the — of balanced-to-unbalamced trans- 
device of Fig. 34D. poe 

In the microwave region, a common type of balanced-to-unbalanced 
transformer employs a quarter-wave choke (see Art. 1). In Fig. 35, a 
quarter-wave-choke transformer is used to connect an unbalanced-to- 
ground coaxial line to a center-fed half-wave antenna (a balanced-to- 
eround device). Because the input impedance of the choke is extremely 
high, the outer conductor of the coaxial hne 1s effectively isolated from 
eround at point A and may therefore be connected to the antenna without 
disturbing the balanced-to-ground condition of the antenna. Observe 
that no impedance transformation 1s provided by the choke. The imped- 
ance presented to the coaxial hne is equal to the input impedance of the 
balanced-to-ground device connected to the hne. 

10. Adjustment of Impedance Levels. [or proper operation of r-f 
transmitting and receiving systems, the impedance at various points of 
the r-f line must be adjusted to certain levels during the transmission of 
pulses and the reception of echo signals. The required impedance levels 
are obtained by properly locating the t-r device in the branch hne to the 
receiver and by use of 1mpedance-changing devices at various pomts of 
the r-f transmission system. ‘ 
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The location of the t-r device in the receiver branch line depends upon 
the manner in which the lines are connected at the T junction. Basic 
methods of connection are indicated in the simplified diagrams of Fig. 36. 
For convenience, the transmission hnes are drawn in these diagrams as 
parallel-wire lines; actually they may be any of the two-conductor types 
described in Chap. VII or any ot the waveguide types discussed in Chap. 
ar 
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lig. 36. Basic transmitting and receiving systems. 


The t-r device represented in Fig. 36 is a spark gap which breaks down 
(1on1zes) in the presence of the transmitting pulse and places a short 
circuit across the line at the gap location. If the parallel connection of 
lines 1s used, as in lig. 386A, the t-r device must be located an odd multiple 
of quarter waves from the T junction. Locating the t-r gap in this 
manner causes the receiver branch line to appear as an open circuit 
across the transmitter lime during the transmission of the pulses and 
consequently enables power to be trinsferred from transmitter to antenna 
without loss. A similar effect\during transmission is secured in the series 
arrangement of lines, shown in Fig. 36B, by placing the t-r gap an even 
number of quarter waves from the T junction. The receiver branch 
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line then appears at the T junetion as a short circuit in series with one of 
the transmitter-line conductors, 

The distance d between transmitter and T junction in lie. 36 is critical 
and depends upon whether the series or parallel arrangement of nes is 
employed. Between pulses the transmitter has, in general, an impedance 
ereatly different from the characteristic impedance of the line connected 
toit. Durmeg the reception of echo signals, therefore, a high standing- 
wave ratio appears on the lune seetion between transmitter and T june- 
tion. For the parallel connections of limes, d must be ehosen so that the 
transmitter line presents maximum tmpedance to the echo signals at the 
TL junction; for the series arrangement of lines, @ must be selected for 
munimum impedance i the direction of the transmitter at the T junction. 
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kic. 37. Line stretcher for use in coaxial lines. 


Selecting din accordance with these principles has the effect of disconnect- 
ing the transmitter from the system between pulses and of enabling the 
echo signals to be transmitted past the unfired t-r gap to the receiver. 

The r-f systems of Fig. 36 have the disadvantage that the distance d 
depends upon the transmitter impedance between pulses. Changes in 
this impedance brought about by changes in the transmitter cause a shift 
in the standing-wave pattern on the transmitter hne. Consequently, d 
must be readjusted to provide optimum receiver conditions whenever 
changes are made in the transmitter. Furthermore, because the trans- 
mitter impedance contains a small resistive component, the standing-wave 
ratio on the line is less than infinity. As a result, some echo power is 
lost to the transmitter even when d is correctly adjusted. 

In some microwave systems, d 1s adjusted for proper operation with a 
specific type of magnetron during manufacture. Normally, magnetron 
characteristics are sufficiently uniform so that no further adjustment is 
required when a magnetron is replaced. -In systems employing parallel- 
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wire or coaxial lines, an adjustable length section is sometimes included in 
the line between transmitter and T junction. This section, called a line 
stretcher, 1s represented pictorially in Fig. 37A and schematically in Fig. 
3¢7B. The line stretcher enables d to be adjusted so that, between trans- 
mitted pulses, the input impedance at the T junction is maximum for the 
parallel arrangement of the lines and minimum for the series arrangement. 
The adjustment 1s usually made experimentally by observing a target on 
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ic. 38. Basic parallel transinitting and receiving system using t-r and anti-ter spark gaps 


the radar indicator and setting the line stretcher for maximum signal 
strength. 

An alternative method of minimizing the effect of transmitter imped- 
ance on echo signals makes use of an anti-transmit-receive (anti-t-r) 
device in the line section between transmitter and T Junction. The 
anti-t-r device, like the t-r device, may be represented as a spark gap 
terminating a quarter-wave section of the transmission line (see Fig. 38). 
During transmission, both the t-r and anti-t-r gaps are fired, and each 
produces a short circuit at the gap ,and an open circuit a quarter wave 
away at the main transmission hne. »During reception, neither Pap 1s 
fired, and because the anti-t-r gap is a quarter wave from the main line, a 
short circuit is produced at its T junction. If this short cifcult is#a 
quarter wave from the receiver branch line, as in lig. 38, the transmitter 
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is effectively disconnected and echo signals are directed toward the 
receiver. If series connections at the ‘T junctions are used, operation 18 
the same except that the distances from the spark gaps to the main line 
must be made an even multiple of half waveleneths. Use of an anti-t-r 
device eliminates the need for a line stretcher because changes in the 
bet ween-pulse transmitter impedance affect only the impedance in paral- 
lel with the short cireuit at the anti-t-r T junction. The transmitter 
Impedance can have no effeet upon echo signals, and, furthermore, a 
resistive component. of transmitter impedance causes no loss of echo 
power. 

If the t-r device in Fig. 36 is operating properly, the branch line to the 
receiver may be ignored during the transmission of pulses and the r-f 
system may be represented by a single transmission line joming trans- 
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Fic. 39. Basic form of the r-f system during transmission of pulses. 


mitter and antenna (see Fig. 39). Two impedance-changing devices are 
normally required on this hne—one near the antenna and another near 
the transmitter. The antenna impedance-changing device serves to 
match the antenna impedance to the characteristic resistance of the line, 
thus enabling the line to operate with unity standing-wave ratio. Flat- 
lme operation is desirable because the line then has maximum power 
capacity and highest efficiency and is least sensitive to small changes in 
frequency. Absence of standing waves on the transmitter line also 
allows a line stretcher to be adjusted for maximum echo signal without 
upsetting the impedance presented to the transmitter. 

A double-stub transformer (Art. 15, Chap. VII) is sometimes used to 
match the antenna to a coaxial line, but more frequently a multiple 
quarter-wave transformer in the form of a tapered line section is 
employed. The tapered section provides a good impedance mateh over 
a broad band of frequencies and requires no adjustment after installation. 
In waveguide r-f systems, a single iris or two irises spaced approximately 
three-eighths wavelength apart may serve as the impedance-changing 
device. Inductive irises are usually employed because of their ability to 
withstand large field intensities without danger of arc-over. On parallel- 
wire lines, the most commonly used matching device is a single stub 
adjustable in length and position on the line. 

An impedance-changing device is required near the transmitter because 
i load impedance of F?. on a radar transmitter does not, in general, result 
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In optimum performance of the radar system. For optimum perform- 
ance, the transmitter should have high power output and good frequency 
stability. Increasing the power output improves the range of a radar set 
only if its operating frequency remains well within the bandwidth of the 
receiver. The receiver can be tuned to the transmitter frequency only 
if the transmitter frequency is constant or (when automatic frequency 
control is employed) if the transmitter frequency shifts gradually between 
relatively narrow limits. As discussed in Art. 10 of Chap. X and Art. 10 
of Chap. XI, uhf and microwave transmitters are likely to be least stable 
when delivering maximum power output. The final adjustment of trans- 
mitter load impedance, which is the input impedance of the r-f line, is 
therefore a compromise between high power output and good frequency 
stability. The proper value of transmitter load impedance for best over- 
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I'tG. 40. Basic form of the r-f transmission systein during the reception of echo signals. 


all system performance may be determined from a Rieke diagram of the 
transmitter (Art. 10, Chap. AI). Use of an impedance-changing trans- 
former near the transmitter permits attainment of the desired load 
impedance. 

The impedance-changing device at the transmitter may be similar to 
any of those used at the antenna end of the line. Very often in mag- 
netrons, the device is made an integral part of the output termination 
(see, for example, the magnetron of Fig. 21B, p. 35). When an imped- 
ance transformer is not included in the magnetron, the impedance-chane- 
ing device is located near the magnetron in the r-f line. With coaxial 
lines, a quarter-wave transformer is normally used (see Fig. 3); in wave- 
guide systems, an inductive iris is commonly employed. 

Iigure 40 shows the basic form of the r-f transmission system during 
the reception of echo signals. This circuit assumes that the line section 
between T junction and transmitter has no effect upon echo signals. In 
the diagram the generator with voltage #, accounts for the voltage 
induced in the antenna by the echo signal and R, represents the impedance 
of the antenna. If half-wave clements are assumed, the antenna imped- 
ance may be considered to be resistive and to have essentially the same 
value during transmission and reception. The impedance-changing 
device near the antenna serves to terminate line 1 in a matched load 
during the transmission of pulses. 
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If the input. impedance of line 1 at point A is PR. in the direction of the 
receiver, a conjugate impedance match will exist at pomt ef and maximum 
echo power will be transferred to line 1. If line 1 is lossless, this adjust- 
ment also ensures maximum power to the receiver Input terminals. Thus 
the recerver input circuit should terminate lme lin &. for maximum slenal 
strength. Actually because maximum signal-to-noise ratio vather than 
maximum signal alone is desired, the receiver Input impedance is made 
shehtly different from R.. The method of adjusting for maximum sienal- 
to-noise ratio depends upon the type of input circuit emploved. Several 


types of receiver input cireults and 
CONNECTION TO 





details of their adjustment are de- COAXIAL~LINE 
; a a Ex) RESONATOR 
scribed in Arts. 15 to 17 of this E|_¢ 


chapter. 

11. Tubes for T-R Devices. Un- 
fortunately a spark gap is not the 
ideal switch assumed in the preced- 
Ing article. Rather, it behaves as a 
high impedance when not fired and 
as a nonlinear resistance that main- ¥ SPARK GAF 
tains a nearly constant low voltage eH 
across itself when fired. Further- 
more, 1ts characteristics change some- 
What with use. Expedients used to 
increase its effectiveness as a t-r or 
anti-t-r device include enclosing it in 
a partially evacuated glass envelope SPARK: GAP-SPACING 
and making the device part of aone-  p,,. 4), AR DicAlant cen ea ene 
or two-entry resonator. Figure 41 
Ulustrates a typical t-r tube for use in coaxial-line uhf transmission 
systems. Microwave t-r tubes may be seen in the t-r assemblies of 
Figs. 48 to 52. Characteristics of t-r tubes are presented in this 
article. 

Enclosing the spark gap in a glass envelope and reducing the pressure 
of the atmosphere around the gap to a few millimeters of mercury have 
the effect of reducing both the breakdown and running voltages of the 
gap. ‘The envelope of the r-f voltage across the spark gap in an evacuated 
t-r tube during a transmitter pulse varies in the manner indicated by 
Fig. 42. The “spike” at the front of. the pulse results because a relatively 
high voltage is required to fire the gap. The lower voltage occurring 
after the spike is the voltage maintained by the discharge after break- 
down. Both the breakdown and the running voltages depend mainly 
upon the nature and pressure of the gas in the t-r tube. These voltages 
must be made as small as possible to provide good receiver protection. 
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In microwave systems, a keep-alive electrode is provided to reduce the 
spike to as small an amplitude and duration as possible. The keep-alive 
is an auxiliary electrode mounted near one of the gap terminals. A nega- 
tive direct voltage is applied to it so as to maintain a steady glow dis- 
charge near the t-r gap. Within the glow discharge, electrons move from 
the keep-alive electrode to the gap electrode, and a few of them enter the 
t-r gap when radio-frequency voltage is applied. Because of these 

electrons, the gap is fired more quickly. 
When a radar system is turned off, no keep- 
Running alive voltage is available. ‘To avoid the possi- 
bility of strong pulses from near-by radar systems 
damaging the crystal, most microwave systems 
me are provided with crystal shutters (see Art. 16). 







R-F VOLTAGE 


Ka, 42. Envelope of r-f IKiven when every effort is made to keep the 
voltage across gap in t-r 
tube. voltage at the t-r tube low during the transmitted 


pulse, the value obtained 1s much higher than 
the allowable input voltage for receivers using crystals. A secondary 
difficulty is the relatively large part of the transmitted power wasted in 
the t-r discharge. The effectiveness of the t-r device can be improved by 
using the equivalent of an ideal transformer, as shown in Fig. 434. The 
transformer steps up the main-pulse voltage to produce a much higher 
voltage across the spark gap on the secondary side, with the result 
that the breakdown voltage across the gap corresponds to a lower voltage 
across the transmission line. The voltage across the line during the dis- 
charge is reduced also. The voltage waveform at the receiver is of the 
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big. 43. Equivalent circuits of t-r devices. 


same shape as that across the t-r tube (see Fig. 42), but the voltage at each 
instant is reduced by the transformation ratio, and receiver protection is 
improved. Furthermore, less power is absorbed from the transmitter 
because the lower voltage at the t-r position on the transmission line 
means a closer approach to a short circuit there. Because of the high 
frequencies used in radar, the transformer of Fig. 43A actually takes the 
form of a one- or two-entry resonator. The particular devices used in 
uhf and microwave systems are discussed in Arts. 12 to 14. Although 
these devices cannot be considered even approximately as ideal trans- 
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formers when the spark gap is fired. they do, nevertheless, materially 
reduce the power consumed by the spark gap during transmission. 

The circuit of Fig. 43.4 would seem to indicate that the transformation 
ratio should be as high as possible in order that the t-r tube may provide 
maximum protection. An actual circuit is represented more nearly by 
Kg. 438, in which 2, represents the nonlinear resistance of the gap when 
hred and Reis a very high resistance representing the losses of the circuit. 
A very high value of transformation ratio causes fv» to appear as a rela- 
tively low resistance across the receiver line during reception. Thus the 
choice of transformation ratio must be a compromise between a high value 
for recetver protection and a low value for low attenuation of received 
stgnals. 

After a glow discharge has been produced in a gas and the voltage which 
produced that discharge has been removed, large numbers of free electrons 
and tons remain in the gas for a substantial time. The electrons and tons 
slowly recombine or migrate to electrodes in the surrounding structure. 
Such ions are present in a t-r tube f ollowing the transmitted pulse.  Volt- 
ages resulting from received signals appear across the spark gap and set 
the ions m motion. <A portion of the received power 1s wasted in impart- 
ing motion to the ions. The t-r structure therefore causes attenuation of 
the received signal until recombination of all ions has been effected. The 
recovery time is defined as the interval between the end of the transmitted 
pulse and the time at which the power in the signal applied to the receiver 
is one-half as large as it would be if no ions were present. 

From the viewpoint of recovery time alone, water vapor is the most 
effective stable gas for use in t-r tubes. It has shortcomings, however, 
the principal one being that the pressure varies appreciably with ambient 
temperature so that performance is erratic. _Temperature-controlled t-r 
devices have been used, but the complication is in general unwarranted. 

A noble gas, such as argon, is desirable from the pomt of view of low 
discharge voltage and good receiver protection. The recovery time of 
noble gases, however, is so long that they are not generally used, except 
m long-range early-warning equipment where short minimum range 1s 
unimportant. 

The most common gas filling for short-range t-r tubes is air, and often 
air in which no precaution has been taken to remove water vapor. Inthe 
aging process to which the tube is subjected in manufacture, certain 
components of the air filling are eliminated. The resulting gas content 
is such as to produce a recovery time of about 1 or 2 us When the tube is 
first put into service. 

The effectiveness of a t-r tube in protecting a receiver may decrease 
with age of the tube because of a gradual decrease of gas pressure that 
occurs. The gas is gradually consumed by chemical combination with 
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electrodes and by the gas molecules becoming embedded in the gap elec- 
trodes under the influence of the glow discharge, especially the keep-alive 
discharge. ‘To prevent unnecessarily rapid loss of gas, the keep-alive 
current should be kept as low as is consistent with receiver protection. 
Electrodes in spark-gap tubes are sometimes pre-oxidized to minimize 
the chemical combination. 

The effect of gas pressure is shown by the curve of ig. 44. The tube 
originally is filled to a relatively high pressure, of the order of 7 to 10 mm 
of mercury, in order to obtain adequate life. This pressure 1s custom- 
arily chosen to afford the receiver the minimum permissible amount of 
protection. As the tube is used, the gas is consumed gradually, and an 
improvement in receiver protection is obtained until the pressure falls to 

the minimum-voltage point of the 

curve. Still lower pressures result in 

higher gap voltages and less receiver 
across protection. The protection gets less 

very rapidly as the pressure clecreases. 
If the t-r tube 1s used for a very long 
time, a point is eventually reached 
at which the transmitter cannot fire 
the gap at all. However, the tube 
Via. 44. Variation of running voltage of jis worthless for receiver protection 
discharge with gas pressure in a t-r tube. : ; ; ; 

considerably before this point is 
reached. ‘The tube must be replaced before the final end point is actually 
reached. Often a t-r tube that is nearing the end of its life is used in the 
anti-t-r device, as poor performance in that position cannot damage 
the receiver. 

Sometimes t-r tubes become useless with age for a different reason. 
Lhe process by which gas 1s absorbed from the tube is selective. Water 
vapor may be absorbed more rapidly than the other gases, and as a 
result, the recovery time is increased. Where minimum range is impor- 
tant, the reason for replacing t-r tubes is often excessive recovery time. 

Still another effect occasionally limits the life of a t-r tube. In normal 
operation of the glow discharge, lons strike the metal electrodes (usually 
copper) with considerable force, frequently driving out molecules of the 
metal. ‘These molecules may deposit themselves upon the inner wall of 
the glass envelope. This process is called sputtering and builds up a film 
of copper on the glass. The film causes losses in the t-r device and 
reduces the echo signal supplied to the receiver. Sputtering does not, 
however, reduce the protection afforded by the t-r tube. 

12. Ultrahigh-frequency T-R Systems. Single-entry parallel-wire or 
coaxial-line resonators are commonly used as transformers in transmit- 
receive devices operating at frequencies from 100 to about 700 Meps. 
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The important features of 9 simple parallel-T-junction transmit-receive 
switch employing a parallel-wire-line resonator are llustrated in Fig. 454. 

A section of transmission line shghtly less than a quarter wavelength 
long, short-circuited at one end and open-circulted at the other end except 
for the presence of a spark gap, 1s connected across the receiver branch of 
the transmission line at a point approximately a quarter wavelength 
toward the receiver from the T junction. Sometimes t-r tubes are 
employed in systems of this kind, but, beeause crystals are not generally 
used in uhf receiver-input stages, only moderate protection is required, 
and an unenclosed air gap is often sufficient. During reception, the 
shorted-end section of line resonates with the capacitance of the unfired 
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Fre. 45. T-r device with a single-entry resonator and spark gap. 


spark gap and, in the lowest open-circuit mode of resonance, presents a 
very high impedance to the receiver branch line. This fact may be seen 
from an equivalent circuit of the device drawn in Fig. 45B in accordance 
with the principles of Arts. 8 and 9, Chap. IX. Inductance I, in the 
equivalent circuit represents the coupling inductance, and the ideal trans- 
former accounts for the effect of the tapped connection on the resonator, 
represented in Fig. 45B by R, L, and C in parallel. At resonance the 
impedance across the receiver line is the coupling reactance in scries with 
the very high impedance of the resonant circuit. Thus the resonant line 
has negligible effect upon echo signals. 

When the transmitter is energized and the spark gap breaks down, the 
capacitance of the unfired gap in F ig. 45B is replaced by the low resistance 
of the ionized gap. The t-r load therefore becomes essentially the 
input impedance of the Bd, length of line across the receiver branch line 
(see Fig. 45C). The input impedance of the Bd» section may be deter- 
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mined graphically from the Smith chart. If dz is made small by locating 
the taps near the short-circuited end of the resonator, the input imped- 
ance can be made small compared with the characteristic resistance of the 
receiver line. Thus a high impedance can be made to appear at the T 
junction in the direction of the receiver by locating the t-r resonant trans- 
former slightly less than a quarter wave from the T Junction. 

An anti-t-r device can be used with the open-wire transmission-line 
system of Fig. 45. The quarter-wave resonator of such a device is 
identical with the t-r resonator except that no output terminals are pro- 
vided for connection to a receiver. 

Ultrahigh-frequency radar systems operating above about 200 Mceps 
use coaxial rather than open-wire transmission lines, and coaxial resonant 
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Vig. 46. Transimit-receive device using a coaxial quarter-wavelength single-entry resonator 
for the t-r and anti-t-r switches. 
transformers are used in the transmit-receive devices of these systems. 
Coaxial quarter-wave resonators are identical in principle with open-wire 
quarter-wave resonators. Figure 46 shows the physical construction of 
both t-r and anti-t-r coaxial-line resonators. The lower end of each of the 
vertical quarter-wavelenegth line sections is short-circuited. At the upper 
end of the line, the center conductor is connected to a t-r tube of the type 
illustrated in Fig. 41. The adjustment shown beneath the tube in Fig. 41 
is used to obtain correct gap spacing, thus compensating for wearing down 
of the gap electrodes. When the gap spacing is changed, the coanxial-line 
resonator must be retuned, since the capacitance of the gap is changed. 
The resonant line for the t-r deyices necd not be of the single-entry 
type. For example, Fig. 47 shows & two-entry coanial-line resonator 
which is approximately a half wave in length and is short-circuited at each 
end. The standing-wave pattern of voltage between conductors in the 
resonator has a zero point at each end and a maximum pornt at the cenicr 
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where the t-r gap is located. Input and output connections to this 
resonator are made near opposite ends of the half-wave line, the distances 
being chosen to provide correct transformation ratios. 

13. Transmit-Receive Devices for Coaxial-line Microwave Systems. 
At frequencies of 3,000 Meps and higher, resonant cavities are of reason- 
able size and are used in place of resonant-line seetions in t-r devices 
because of their smaller losses. Beeause the physical dimensions of a 
practical microwave t-r tube (such as that shown in Fig. 484) are com- 
parable to a wavelength, the tube is designed as part of the cavity. 
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Fic. 47. Transmit-receive device using a two-entry half-wavelength coaxial-line resonator. 


The t-r device of Fig. 484 is typical of those used in medium-power 
10-cm radar systems employing coaxial lines. The gap is produced by 
the two funnel-shaped, hollow center posts approaching each other inside 
the vacuum tube. Copper disks are sealed through the glass walls of 
the tube and connect to the center posts. The disks fit snugly into an 
external cylindrical section to form a two-entry re-entrant type of cavity. 
Coupling loops are used to connect the cavity to the input and output 
transmission lines, and a parallel type of connection is used at the T june- 
tion of transmitter and receiver hes. 

The impedances at various points of the receiver branch line are indi- 
cated in Fig. 488, which is an equivalent circuit of the receiver line 
between ‘T junction and output terminals of the t-r device. The parallel 
combination of FR, L, and C oscillates at a frequency corresponding to the 
open-circuit mode of the cavity, and the*two line sections of lengths (, 
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account for the coupling inductances of the input and output coupling 
loops (see Art. 11 of Chap. IX). Coupling through the cavity is 
accounted for by the ideal transformer, a turns ratio of 1:1 being used 
because of the svmimetry of the eavity. The eoanial-line section between 
TP junetion and point -l is represented by parallel-wire lines of lengths d 
and ds, the dz length being meluded im order to account for the coupling 
inductance at the T junction (see Art. 10 of Chap. LN). 

Beeause the power in the echo signals is insufherent to cause breakdown 
of the t-r spark gap, oscillations build up in the cavity between trans- 
mitted pulses, the mode of oscillation being such that nearly all the input 
power to the cavity is coupled to the output transmission line. During 
the reception of echo signals, theretore, the high resistance fin rig. 488 
appears across the receiver line at the t-r-device location, and echo signals 
are propagated through the t-r device with neghgible loss of power. 
During a transmitted pulse. oscillations in the mode that couples power 
from input to output terminals of the cavity are not possible because of 
breakdown of the spark gap. The nonresonant-cavity Impedance there- 
fore places an extremely low impedance across the receiver branch line. 
Bv making the distance d + d; + d2 nearly a quarter wave, an extremely 
high impedance can be made to appear in parallel with the transmitter 
line during a transmitted pulse. 

The t-r cavity in Fig. 484 is tuned by means of screw plugs which are 
inserted radially into the outer ring of the cavity. An alternative method 
of tuning uses a variable gap spacing, obtained by means of a specially 
constructed spark-gap tube. Changing the gap spacing changes the 
capacitance at the center of the cavity, thus changmg the resonant 
frequency. 

As shown in Fig. 484, the connector for applying keep-alive voltage 
to the tube contains a resistor which is in series with the keep-alive cireuit. 
A current-limiting resistor 1s necessary because of the nearly constant- 
voltage characteristic of the glow discharge. Often part of the resistance 
is located in the power supply, but at least some of it 1s always placed 
next to the t-r tube in order to prevent tube, resistance, and wirmng 
capacitance from operating as a saw-tooth relaxation oseillator. If such 
oscillations should occur, the crystal in the receiver input circuit would 
be permanently damaged by transmitted pulses during the time the keep- 
alive gap 1s not fired. 

Some 10-cm, coanial-line, r-f systems employ apertures rather than 
coupling loops to connect the t-r cavity to the input and output trans- 
mission lines. An example of such a system is pictured in ig. 494. The 
t-r device 1s located between transmitter and receiver lines, the t-r tube 
being oriented so that the axis of its electrodes is parallel to both lines. 
Each hne is coupled to the cavity by means of a small aperture. Since 


SO6 R-F TRANSMITTING AND RECEIVING SYSTEMS [Cuap. XII 


this coupling arrangement effectively places the cavity in series with 
each line (see Art. 18, Chap. IX), the r-f system is equivalent to the 
series-T-junction type illustrated in Fie. 368 of this chapter. 

For proper operation of the r-f system, the cavity is tuned to its open- 
circurt mode of resonance during the reception of echo signals, and 
through use of an anti-t-r device or an appropriate length of line, essen- 
tially a short circuit is made to appear at the T junction in the direction 
of the transmitter. The corresponding equivalent circuit with couphng 
reactances replaced by equivalent lengths of transmission lines is drawn 
in ng. 49B. Between transmitter pulses echo signals are able to pass to 
the receiver with negligible loss of power. During transmission, the t-r 
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KicG. 49. Microwave t-r device aperture-coupled to transmitter and receiver lines. 


gap is fired, and a very low impedance appears across the aperture in the 
transmitter line. 

14. Transmit-Receive Devices for Waveguide Systems. ‘The cavity- 
resonator and spark-gap-tube combinations illustrated in Figs. 484 and 
49A can also be used for transmit-receive switching in waveeurde r-f 
systems. Figure 504 shows a typical waveguide t-r system in which the 
t-r and anti-t-r cavities are aperture coupled to a narrow wall of the eulde. 
Lhe t-v and anti-t-r tubes, together with the supporting metal walls, form 
a re-entrant type of cavity similar to the cavity of Fig. 484. The over- 
all device 1s suitable for use im low- and mecdium-power radar systems 
operating at 10 em. 

A two-wire equivalent of the device is given in Fig. 50B. The cavities 
are represented mn the usual manner by the lumped-constant elements 
R, L, and C and by transmission-line sections to account for couphng 
reactances of the apertures. The cavities are shown as terminations for 
quarter-wave line sections in parallel with the main line. The parallel 
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connections at the T junctions result from the fact that both cavities 
couple to a narrow wall of the main guide and hence form 3C-plane junc- 
tions at the cavity locations (see Art. 5 of this chapter and Art. 18 of 
Chap. LX). 

Operation of the circuit of Fig. 50A is similar to that of the basic parallel 
type of t-r and anti-t-r system illustrated in Fig. 38. During a trans- 
mitted pulse, both gups fire and cause the cavities to appear as very low- 
impedance terminations for the quarter-wave line sections. Firing the 
gaps 1s thus very nearly equivalent to closing the side walls of the main 
guide, and as a result, the transmitter pulse passes directly to the antenna. 
During the reception of echo signals, both cavities are tuned to resonate 
in their open-circuit mode. Because the anti-t-r cavity is effectively a 
half wavelength from the T junction of the receiver branch line, the 
transmitter 1s in effect disconnected from the r-f system during reception. 
The t-r cavity appears as a high impedance in parallel with the branch 
line to the receiver, and echo signals are thus able to pass directly to the 
recelver. 

In the t-r system of Fig. 504A, some power at the magnetron frequency 
passes through the t-r cavity and reaches the crystal mixer even though 
the spark gap is fired. This leakage power has two components. One 
component is independent of the peak transmitter power; the other is 
directly proportional to, and of the order of, 66 db below the transmitter 
power (that is, about one eight-millionth of the transmitted power). In 
addition, most magnetrons generate appreciable power at multiples of 
the carrier frequency. The t-r cavity presents very little attenuation at 
these high frequencies. When the gap is fired, the t-r cavity may be 
considered as two small waveguides in parallel, providing paths from the 
input to the output aperture around the center electrodes. The dimen- 
sions of these guides are too small to transmit appreciable power at the 
proper frequency of the system but not small enough to cause appreciable 
attenuation of power at harmonic frequencies. The components of leak- 
age power indicated above are not excessive provided the peak power of 
the transmitter is less than about 500 kw, and for such systems the t-r 
device shown in Fig. 50A gives adequate crystal protection. On the 
other hand, for peak power greater than about 500 kw, the leakage power 
may become so large that, for adequate crystal protection, the transmit- 
receive devices require additional refinement. 

igure 51A is an example of a transmit-receive device used in some 
high-power systems, and Fig. 51B shows its equivalent circuit. In addi- 
tion to the t-r and anti-t-r devices, a pre-t-r tube is inserted at the T junc- 
tion in the branch of the waveedide leading to the receiver. This pre-t-r 
tube is a quarter-wavelength section of waveguide. As shown in Fig. 
O1A, its ends are partially closed by thin metal plates, leaving rectangular 
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(B) EQUIVALENT CIRCUIT DURING RECEPTION OF ECHO SIGNALS 
Fic. 51. Example of a t-r device used in high-power waveguide systems. 
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apertures somewhat smaller than the cross section of the guide. The 
aperture dimensions are proportioned so that the apertures are resonant 
at the transmitter frequency, and the openings are covered with low-loss 
glass to permit the space between the windows to be kept at a low pres- 
sure. The electric-field intensity within and near the resonant aperture 
is greater than that in the adjacent waveguide. ‘This step-up in electric- 
field intensity 1s a measure of the resonant transformation of the aperture. 
The increased electric-field intensity, together with the reduced gas pres- 
sure, makes it possible to establish a glow discharge within the tube near 
one of the rectangular apertures. 

During transmission, the electrical operation of the anti-t-r device is 
identical with that of Fig. 50A. The operation of the t-r device is, how- 
ever, shghtly different. Energy reaching the receiver T Junction enters 
the branch of the waveguide feeding the t-r device and receiver. ‘The t-r 
tube fires first, producing an essentially short circuit at the input aperture 
of the t-r device. This short circuit appears at the IT’ junction, three 
quarter wavelengths away, as an open circuit. As a result of the voltage 
division between this open circuit and the relatively low impedance in the 
direction of the antenna (see the series connection in Fig. 51), essentially 
all of the incident transmitter voltage appears, for a short time, across the 
input resonant aperture of the pre-t-r tube. This high voltage causes a 
glow discharge to occur across the input aperture, effectively short-cireuit- 
ing the receiver branch of the waveguide and permitting power to flow to 
the antenna. ‘The high impedance observed at the T Junction in the 
direction of the receiver is in parallel with this short circuit, permitting 
only a small amount of carrier-frequency leakage power to flow toward the 
t-r tube and a still smaller component to reach the crystal mixer. The 
conducting ‘“‘wall’’ at the resonant aperture offers appreciable attenua- 
tion to the higher frequency power as well, thus protecting the crystal 
mixer from nearly all components of leakage power. The slight delay in 
firing the pre-t-r tube is of no serious concern because the high-frequency 
content of the leakage power during the very early stages of the pulse is 
neghgible. Only the t-r tube is provided with a keep-alive voltage. This 
is to ensure that the t-r tube will fire at the earliest possible moment during 
the transmitter pulse. 

During the reception of echoes, the circuit behavior is similar to that 
discussed for other systems. The anti-t-r tube effectively short circuits 
the main transmission line (see Fig. 518) when it is not fired and, conse- 
quently, is placed at an electrical distance of a half wavelength from the 
receiver branch. Because the apertuyes and the t-r tube are resonant 
when not fired, they do not interfere appreciably with the flow of echo 
power to the receiver. The t-r and anti-t-r cavities are tuned by chang- 
ing the effective capacitance at the center of the cavity. 
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The output window of the pre-t-r tube is used only to maintain the low 
pressure in the tube. The quarter-wave spacing between windows is 
chosen in order that reflections at the two windows may cancel one 
another as nearly as possible during reception. 

At 3 and 1 em, the t-r cavity is made an integral part of the t-r tube. 
At these shorter wavelengths, the dielectric loss resulting from the pres- 
ence of a glass envelope in the cavity would be so high that an appreciable 
loss of echo-signal strength would occur in the cavity. Assembling the 
gap and cavity as a unit eliminates the need for glass oxcept as coverings 
for the coupling apertures. 

A 3-em t-v-tube and cavity assembly is illustrated in Fig. 52. The 
cavity is located in a copper block and is cylindrical in shape. The 
spark-gap eleetrodes are centered on 
the axis of the eylinder, and the keep- 
alive electrode extends from one spark- 
gap electrode to the top of an evacu- 
ated glass envelope mounted on the 
copper block. The glass envelope 
serves to increase the total volume of 
the evacuated space and thus aids in 
mMaimtainmg proper pressure within the 
cavity for long periods of time. Coupling 
LO tie) camity is Provided by two covruine 
civeular, glass-covered apertures—one 
in each face of the block. The cavity 
is tuned by varying the spacing between 
spark-gap electrodes. 

15. Input Circuits of Ultrahigh-frequency Receivers. Echo signals, 
alter passing through the unfired t-r device in the r-f system, are applied 
to the input circuits of the receiver. A careful choice of input circuit 
is very Important, because it 1s in this portion of the receiver that noise 
has the greatest effect on receiver sensitivity. In the microwave region, 
a low noise figure is obtained most readily by applying the echo signals 
directly to a mixer circuit employing a crystal, whereas in the uhf range 
it is usually advantageous to use a vacuum-tube preceded by one or two 
stages of radio-frequency amplification. 

Vacuum tubes have several advantages over crystals in the input 
circuits of a radar receiver. Because crystals are delicate, they must be 
protected extremely well by the t-r device in order to avoid burnout dur- 
ing transmission. Vacuum tubes, on the other hand, are able to with- 
stand relatively large amounts of transmitter power. Mixer circuits 
emploving triodes also have a somewhat higher conversion gain than 
crystal mixers, although they generate more noise. The effect of the 






KEEP-ALIVE 





TUNING 
ADJUSTMENT 


hig. 52. <A 3-cm t-r-tube and cavity 
assembly. 


§72 R-F TRANSMITTING AND RECEIVING SYSTEMS [Cuar. XII 


increased noise may be offset at ultrahigh frequencies by preceding the 
triode mixer by one or more stages of radio-frequency amplification—the 
noise figure of a triode is appreciably less when used as an amplifier than 
when used as a mixer (see Art. 29, Chap. VI). 

Unfortunately, the tubes that are available for operation in the micro- 
Wave region generate an excessive amount of noise and are therefore not 
suitable for the input circuits of microwave recetvers. Consequently, use 
of vacuum-tube input circuits is restricted to receivers that operate in the 
uhf range. Vacuum-tube input circuits are discussed in this article, and 
several forms of crystal-mixer input circuits are presented in the next two 
articles. 

The input circuits of uhf receivers usually employ disk-seal triodes 
(Art. 1, Chap. X) and are frequently connected to form a grid-return type 
of circuit. An r-f amplifier employing a disk-seal tube in a grid-return 
circuit is very stable and has very little tendency to oscillate, the only 
feedback path being through the extremely low plate-to-cathode capact- 
tance of the tube. Pentodes are available for operation in the uhf range, 
but they generally have a higher noise figure than triodes and are there- 
fore less suitable in radar applications. 

In uhf receivers that operate at 200 Mcps or below, the tuned circuits 
of the input stages are composed of lumped inductances and capacitances. 
Often physical capacitors are unnecessary, the inductors being made to 
resonate with the tube and wiring capacitances. In the region of 1,000 
Meps the lumped-parameter resonant elements are replaced by cavity 
resonators. 

An example of an input circuit of a receiver that operates in the vicinity 
of 1,000 Meps is given in Fig. 534. The cireuit consists of a single stage 
of radio-frequency amplification, a local oscillator, and a mixer. Light- 
house tubes and coaxial-line resonators are employed in each unit, and 
connections between units are made by means of short sections of coaxial 
cable. 

The r-f amplifier is similar in construction to the ighthouse-tube oscil- 
lator of Fig. 16, Chap. X, the only important difference being that in the 
amphfier the middle cylinder of the tuner is not cut away at the grid 
terminal of the tube. The extra coupling needed in the oscillator 
between plate and cathode lines is thus eliminated, and the amplifier 
plate and cathode circuits are isolated completely except for the small 
interelectrode capacitance between plate and cathode of the tube. The 
plate supply voltage is conducted to the plate terminal of the amplifier 
tube Vi by means of an insulated wire which passes through the innermost 
coaxial cylinder. This cylindtr, which serves as one conductor of the 
plate line, is coupled to the plate terminal through capacitor Cy in order 
that the tuner may be operated at ground potential. Inductor L, serves 
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(B) R-F EQUIVALENT CIRCUIT 
Fig. 53. Texample of an input circuit of a uhf receiver. 


as a choke to prevent r-f signals from entering the power supply. The 
middle cylinder of the tuner connects directly to the erid terminal, and 
the outer cylinder fits over the shell of the tube, which is grounded. All 
cylinders are connected together by the shorting plungers in the plate and 
cathode lines. <A by-pass capacitor within the tube provides an r-f con- 
nection between shell and cathode, and cathode bins voltage is developed 


874 R-F TRANSMITTING AND RECEIVING SYSTEMS [Crar. XII 


across Cy, and Ri, in parallel between the cathode pin and ground. 
Input signals from the t-r device are coupled into the cathode-to-grid line 
by means of a probe, and a coupling loop is used to take the amplified r-f 
signals from the plate-to-grid line. 

An r-f equivalent circuit of the amplifier, in which the plate and 
cathode lines are replaced by parallel L-C circuits, is shown in the upper 
left portion of Fig. 538. Observe that the equivalent circuit 1s drawn so 
as to emphasize the erid-return aspect of the amplifier. ‘The plate 
line, represented by Ly; and C,; in Fig. 53B, is adjusted to resonate with 
the plate-to-grid capacitance C,, of the tube at the frequency of the 
incoming signal, and the cathode line in parallel with C,; 1s adjusted very 
nearly to the frequency of the incoming signals. Actually, the cathode 
line is made slightly inductive in order that any feedback voltage supplied 
through the small plate-to-cathode capacitance C,, (approximately 
0.05 puf) will have a phase opposite to that required to start oscilla- 
tions. Thus the cathode-line length 1s somewhat less than a quarter wave 
at the signal frequency. 

Because the output coupling loop of the amphfier is located near the 
shorting plunger in the plate line, the output coaxial cable is shown as a 
tapped connection to L,; in Fig. 538. The plate line thus acts as a 
resonant transformer to change the low input resistance of the cable 
(approximately 50 ohms, since the cable is usually matched at the far end) 
toa higher resistance across the entire resonant circuit. The value of load 
resistance across the resonant circuit 1s governed primarily by the band- 
width required for the amplifier. Since no provision is made for tuning 
the amplifier during its normal operation, the bandwidth must be wide 
enough to pass echo signals despite shght changes in the transmitter 
frequency. 

The tuned cathode circuit is loaded by the input resistance of the 
amplifier in parallel with a resistance representing grid-loading effects and 
tuned-circuit losses. The net resistance is matched approximately to the 
characteristic resistance of the input line by tapping the input cable to a 
point near the shorted end of the eathode line. The tap location is 
chosen for optimum signal-to-noise ratio and results mn a resistance ter- 
mination for the input line which is shehtly more than its characteristic 
resistance (see Art. 17, Chap. VI). Calculations of input impedance and 
gain of the r-f amplifier may be carried out In a manner analogous to that 
used to determine similar quantities for the grid-return stage of the 1-f 
amplifier discussed in Art. 25 of Chap. VI. 

The local oscillator, shown at the right in Fig. 53.4, is similar in con- 
struction to the r-f amplifier except that the grid cylinder is partly cut 
away near the local-oscillator tube. Thus C,, in the oscillator equivalent 
circuit (see Fig. 53B) includes both the plate-to-cathode capacitance of 
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the tube and the external coupling capacitance resulting from the opening 
in the grid line. All eylinders of the oscillator tuner, like those of the r-f 
umplifier, operate at ground voltage, and the eathode is maintained at a) 
positive potential with respect fo ground because of the bias voltage 
developed across Cp» in padallel with Mp. 

The loeal oscillator is tuned in accordance with the principles discussed 
for the hghthouse-tube oscillator in Rats POM Chap. X. Lhe plate-lne 
leneth is the primary control for frequeney and, in fact, constitutes the 
main tuning control for the receiver. Tuning is aecomplished by means 
of a knob or dial connected to the plate-line shorting plunger through a 
flextble cable (not shown in the figure). The eathode-line length governs 
the magnitude and phase of the Voltage fed back to the cathode circuit 
from the plate circuit and must be adjusted so that a capacitive reactance 
appears between grid and cathode at the oscillation frequency. At fre- 
quencies in the neighborhood of 1.000 Neps, it is mechanteally feasible to 
choose line lengths so that each line employs its lowest mode of resonance. 
Thus the eathode line is approximately one-quarter wave at the oscillator 
frequency, and the plate linc is less than a quarter wave. 

Power coupled from the plate line of the local oscillator is apphed, 
together with echo signals from the r-f amplifier, to the cathode line of 
the mixer tube V3. A component of current at a lrequency equal to the 
difference between the local-oscillator and echo-signal frequencics is pro- 
duced in the plate circuit of the mixer in accordance with the principles 
discussed in Art. 29 of Chap. VI, and the plate circuit is tuned to this 
difference frequency. 

The mixer tuner differs from the local-oscillator and r-f amplifier tuners 
in that it employs a coaxial-line cavity only between cathode and grid, 
lumped parameters being used in the plate circuit. The tuned plate 
circuit consists of inductor Ly3 1n parallel with interelectrode capacitance 
Cop, the series combination of C. and the input resistance R, of the output 
line, and the variable capacitance C, formed by a movable metallic disk 
near the plate terminal of the tube. The capacitance of Cy is varied by 
changing the disk position by means of a rod which passes through the 
end of the tuner. 

The various components comprising the tuned plate load of the mixer 
are illustrated in Fig. 53B. Because Input signals are applied between 
grid and cathode of the mixer and the intermediate-frequency stenals 
appear between grid and plate, the equivalent circuit is represented as a 
grid-return circuit. From the equivalent circuit it may be seen that the 
variable capacitor Cy serves to tune the remaining plate-circuit elements 
to resonance at the intermediate frequency. Placing capacitor C, in 
series with the output cable isolates the cable from the power supply 
voltage and causes the low input impedance #2, of the cable to appear as a 
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higher resistance across the entire circuit. (The impedance relations for 
such a connection are similar to those discussed for the output connection 
illustrated in Fig. 44B, Chap. VI.) 

The receiver input circuit of Fig. 53A requires that the interconnecting 
cable between r-f amplifier and mixer be short. Otherwise appreciable 
attenuation of echo signals will occur in the cable and cause noise gener- 
ated in the mixer to become important. If cable loss is excessive, it may 
become necessary to employ a second stage of r-f amplification in order 
to maintain the signal level well above the noise level of the mixer. 

16. Single-ended Crystal Mixers. In microwave receivers, amplifica- 
tion of echo signals at the carrier-frequency level is in general undesirable 
because of the rather large amount of noise generated by available micro- 
Wwave-amplifier tubes. Iucho signals, after passing through the t-r device, 
are therefore applied directly to the crystal mixer. <A voltage from a local 
oscillator, usually a klystron, is applied to the mixer simultaneously with 
the echo signals, and signals at the intermediate frequency are derived at 
the mixer output terminals. 

The important features of a 10-cem mixer employing coaxial-line sections 
are given in I'ig.54A. Echo signals are coupled into the transmission-line 
section between t-r cavity and crystal by means of a coupling loop which 
penetrates a short distance into the cavity. The crystal fits snugly into 
the inner conductor of the line and is held concentric with the outer con- 
ductor by means of a dielectric bead. The local-oscillator signal is intro- 
duced into the mixer assembly by means of a coupling probe located 
approximately a quarter wave (at the local-oscillator frequency) from the 
coupling loop in the t-r cavity. A high impedance in the direction of the 
cavity is thus presented to the local-oscillator signal at the probe. The 
strength of the local-oscillator signal at the crystal may be changed by 
varying the distance the probe extends into the main line. Power from 
the local oscillator is conducted to the probe over 2 section of transmission 
line. 

Connection between the crystal and inner conductor of the line section 
carrying 1-{ signals is provided by a spring contact. The half-wave r-f 
choke appearing on the i-f side of the crystal provides an electrical short 
circuit for radio-frequency signals at point B. The d-e return path 
required for crystal current is provided at the r-f end of the mixer assem- 
bly by the t-r coupling loop and at the i-f end by the shunt-inductance 
element located in the grid circuit of the input i-f-amplifier stage. 

A two-wire equivalent circuit of the mixer is given in Fig. 548. If 
small losses in the r-f line and t-r eayity are ignored, the portion of the r-f 
transmission system between Yntenna and output terminals of the t-r 
cavity may be represented by a signal-current source J, in shunt with the 
characteristic resistance 2. of the transmission line. Because the local 
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oscillator is loosely coupled to the main hne, neglegible admittance 
appears in shunt with the lines A and B in Ine. 54B. Elements L, and 
C, represent the r-f choke at. the i-f end of the crystal and are series reso- 
nant at the echo-signal frequency. Hence line B is termmated by the 
crystal at the echo-signal frequency. For maximum receiver sensitivity 
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(B) AN EQUIVALENT CIRCUIT 
Iiro. 54. A 10-em mixer. 


it 1s important that essentially all the echo power available at the t-r 
device be transferred to the crystal. “The crystal should therefore present 
a matched-load termination to the main-line section. lortunately, 10-em 
crystal units, when operated with 57¢-in. 50-ohm coaxial lines, provide 
essentially a matched r-f load for the line. An impedance-changing 
‘device between crystal and t-r cavity is therefore unnecessary. 
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An equivalent signal circuit for the mixer may be obtained from Fig. 
54B by replacing the crystal by its equivalent linear network (see lig. 53 
of Chap. VI). The signal circuit may then be used to relate the incoming 
r-f signals to the intermediate-frequency output signals in accordance with 
the principles discussed in Art. 28 of Chap. VI. 

Because the local oscillator is loosely coupled to the main line contain- 
ing the crystal, an appreciable mismatch of impedances exists on the 
local-oscillator line at the coupling probe. <A large impedance mismatch 
is in general undesirable because of the wide variations in local-oscillator 
load impedance (and hence power output) that result when the oscillator 
frequency is varied. A good impedance match is particularly important 
if the line between local oscillator and probe is long. ‘To ensure a rela- 
tively constant load impedance for the oscillator, a resistance-disk type of 
attenuator (see Art. 8) 1s oftentimes inserted in the local-oserlator Ime, as 
shown in Fig. 544, in order to terminate the line section between oscillator 
and disk in its characteristic resistance. An alternative to the resistance 
disk is a piece of lossy cable which may be inserted between local oseulator 
and mixer assembly. 

Oftentimes mixer assemblies include, in addition to the circuit that 
supplies i-f echo signals, a separate mixer for generating 1-f signals for the 
automatic-frequency-control circuit. An example of a 3-cm mixer assem- 
bly of this type is shown in Fig. 554A. Local-oscillator power and r-f echo 
signals from the t-r cavity are coupled into waveguide 1, which serves as 
the echo-signal channel. <A crystal extends between top and bottom 
walls of the guide, the lower end of the crystal being isolated from the 
puide by means of a dielectric washer. HEcho-signal voltages in the 
intermediate-frequency band appear between the lower end of the crystal 
and the waveguide and are conducted to the input circuit of the 1-f amph- 
fier, usually over a coaxial cable. 

Waveguide 3 is similar in construction to waveguide | and serves as the 
afc channel. Power from the local oscillator and a small amount of the 
transmitter power are applied to the afe crystal, and 1-f signals for the 
afc circuit are derived at the lower end of the crystal mount, as before. 
Attenuation between the main guide and guide 3 is provided by means of 
a circular-waveguide section operating below cutoff. Sometimes a disk 
type of attenuator is included in the circular section to reduce further the 
amount of transmitter power reaching the mixer assembly. 

The local-oscillator tube 1s mounted above waveguide 2 in a manner 
that permits the local-oscillator output probe to extend a short distance 
into guide 2. The coupling proke may be displaced slightly from the 
center of the transverse axis Of the guide in order to obtain a load imped- 
wnce for the oscillator which yields a reasonably uniform power output 
over the tuning range. 
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Local-oscillator power is coupled from guide 2 into guides 1 and 3 
through coupling apertures located in the side walls of the guides. A 
matching post and tuning screw extending from top and bottom walls of 
the guides at. the aperture locations serve to regulate the amount of local- 
oscillator power coupled to the mixer circuits. 
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Fic. 55. <A 3-cm mixer. 


For optimum performance of the radar system, the echo-signal channel 
of the mixer should provide a matched-load impedance to the waveguide 
transmission system. The elements that determine the mixer input 
impedance are shown in the equivalent circuit of Fig. 55B. The equiv- 
alent circuit 1s derived by dividing guide 1 into three sections of lengths 
8di, Bd2, and Bd; and representing the sections by equivalent lengths of 
transmission lines (lines A, B, and C in Fig. 558). The signal-current 
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venerator /, in shunt with /. in the equivalent circuit accounts for the 
portion of the r-f svstem between antenna and mixer. The coupling 
aperture between local-oscillator and mixer guides (guides 1 and 2) is 
represented by a variable inductance LZ, and in shunt with L is an imped- 
ance Z which accounts for the impedance seen in the direction of the local- 
oscillator guide. The parallel combination of L and Z, in accordance with 
Art. 18 of Chap. LX, terminates a quarter-wave section of line which is in 
shunt with lines A and 6. At the echo-signal frequency, the impedance 
of L and Z in parallel is maintained small enough in comparison with the 
characteristic resistance of the quarter-wave ‘line to make the input 
mpedance of the quarter-wave section extremely high and hence the 
amount of echo-stgnal power entering the local-oscillator guide extremely 
small. 

The crystal is located at the junction of lines B and C, as shown in Fig. 
906, and across the crystal output terminals is a series R-L-C circuit. 
The counterpart of the R-£-C combination in Fig. 554 is an r-f choke in 
the i-f output lead of the mixer. The choke prevents r-f signals from 
entering the input circuit of the i-f amplifier. 

The length of shorted-end line C must be such that the input admit- 
tance of line C, in shunt with the r-f admittance of the crystal, provides 
essentially a matched load for line B. Varying the length of line C 
changes the susceptance component of the total admittance at the crystal 
location. A length of approximately \/4 ts usually preferable in order to 
minimize changes in admittance with frequency. 

In some mixers, with line C approximately a quarter wave long, it is 
possible to cancel susceptive components of the admittance at the crystal, 
but because of meorrect conductance components, an impedance match is 
not possible. In this event, the crystal may be shifted to a point nearer 
one side wall of the guide. Moving the crystal along the transverse axis 
of the gurde has the effect mainly of varying the conductance component 
of the admittance in the plane of the crystal. 

When the radar system is inoperative, it is possible that an appreciable 
amount of r-f power from near-by radar sets may reach the crystal mixer 
and thus cause crystal burnout. It is difficult to fire the t-r cap under 
these conditrons because of the absence of keep-alive voltage. In order 
to prevent crystal damage from this cause, mixers often include some sort 
of auxihary protective device which is effective whenever the set is not 
being used. In waveguide systems, the protective device may take the 
form of a solenoid-operated metallic flap or shutter. The shutter enters 
the guide from a side wall and slides campletely across the guide whenever 
the set is turned off. When.power is applied to the system, a solenoid 
serves to withdraw the shutter, thus permitting echo power to reach the 
crystal. A similar arrangement is used in coavyial-line systems, except 
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that the shutter enters the t-r cavity in a way that isolates the output 
couphng loop from the rest of the cavity. In coaxial-line systems, it is 
also possible to shunt the main-line section between ter cavity and crystal 
with a half-wave shorted-end stub equipped with a solenoid-operated 
short-cireuiting strip at the mid-point of the stub. When the set is 
operative, the solenoid is unenergized and the shorting strip is removed 
from the stub. The stub is therefore a half wave long, and in effect a 
short circuit is placed across the main line at the stub location. Inergiz- 
ing the solenoid causes the shorting strip to enter the stub at the mid- 
point, thus making the stub effectively a quarter wave long. The 
quarter-wave stub has neghgible effect on echo signals passing to the 
receiver. 

17. Balanced Crystal Mixers. The noise introduced into the Input 
circuit: of a microwave receiver by the local oscillator may be reduced 
appreciably through use of a 
balanced mixer. An input circuit 
of this type employs two crystal 
mixers connected so that the 
local-oseillator voltages applied to 


each crystal are in phase and_ 's() a 
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crystal are 180 deg apart in phase. eee ee 
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noise to cancel in the i-f-amplifier input circuit and the i-f components of 
signal to add. Because of their ability to suppress local-oscillator noise 
and because of certain additional advantages to be discussed later in this 
article, balanced mixers are oftentimes preferable to single-ended mixers. 

The basic principles of a balanced mixer may be explained from the 
diagram of Fig. 56, which shows two crystals mounted a half wavelength 
apart (at the signal frequency) between conductors of a coanial-line sec- 
tion. Each crystal is located a quarter wave from the nearer end of the 
line, and the local-oscillator signal is probe-coupled to the line at a point 
midway between the crystals. The output terminals of the crystals are 
connected to an i-f transformer, the primary winding of which is balanced 
to ground. The signal-current generator /, in shunt with resistance 
R, accounts for signals entering the mixer from the t-r device. 

The local-oscillator coupling probe gives rise to two waves traveling in 
opposite directions in the coaxial line Assume that at the local-oscillator 
frequency the t-r device presents a short cirecwt to the local-oscillator 
wave traveling to the left in Fig. 56 and that the crystals have identical 
r-f impedances equal to twice the characteristic resistance of the line. 
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Then equal-amplhitude, in-phase, local-oscillator voltages appear at the 
crystals. Because of the 180-deg spacing between crystals, the r-f echo- 
signal voltages at the crystals are also of equal amplitude but are 180 deg 
apart in phase. From Fig. 52 of Chap. VI, it may be seen that an in- 
phase relation between local-oscillator and echo-signal voltages produces 
an 1-f signal voltage of one phase and that a 180-deg phase relation 
between local-oscillator and echo-signal voltages produces an i-f signal 
voltage of opposite phase. Thus the tivo i-f echo-signal voltages add in 
the balanced input cirewt of the i-f amplifier. Because the noise that 
accompanies the local-oscillator signal produces voltage components that 
bear the same phase relation to the local-oscillator voltage at each crystal, 
the corresponding 1-f components of noise at the output of each crystal 
are in phase and hence preduce no resultant noise voltage across the i-f 
transformer. 

In order to realize full benefit from use of a balanced-mixer circuit, the 
crystals should have similar r-f impedances as assumed above, and in 
addition they should have similar conversion gains. Under these condi- 
tions of operation, only one-half the available r-f power is applied to each 
crystal, but since the 1-f signal powers from the crystals add together, the 
total 1-f power is the same as that obtained from a single-ended mixer. 
Since 1-f components of local-oscillator noise are completely eliminated, 
maximum reduction in over-all noise figure is obtained. 

An unbalance in conversion gain yields an unbalance in the i-f signal 
voltages obtained from each crystal and also an unbalance in the i-f com- 
ponents of local-oscillator noise voltages at the crystal output terminals. 
However, since the i-f signal voltages are additive in the crystal output 
circuit and the local-oscillator-noise components are subtractive, small 
unbalances 1n conversion gains do not seriously affect the over-all receiver 
noise figure. 

More important are the effects of a difference in the r-f admittances of 
the crystals. An unbalance of this type causes both the echo-signal 
power and the local-oscillator power to divide unequally between the 
two crystals. As a result, the i-f signal power obtained from the mixer is 
appreciably reduced, and in addition the i-f components of local-oscillator 
noise are prevented from canceling completely in the i-f Input cireult. 
Crystals intended for use in a mixer constructed as shown in Fig. 56 must 
be carefully selected on the basis of equal r-f admittances in order to 
ensure most satisfactory operation. 

A balanced mixer that is superior in several respects to the coaxial-line 
mixer just described is shown in Fi&. 574. This mixer employs a wave- 
guide hybrid junction of the type discussed in Art. 6. Crystals are 
located in one pair of entries (arms | and 2), and echo signals and local- 
oscillator signals are applied at the remaining entries (arms 3 and 4). 
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Usually in a mixer of this type the input cireuit of the i-f amplifier ts also 
arranged in the form of a hybrid junction. Details of connections of the 
1-f amplifier input. cireuit, together with the ideal-transformer equivalent 
circuit of the waveguide junetion (see hie. 17), are given in Fie. 578. 
Thepavallebcirenit tomprising L, C, andl # is (uned to the intermediate 
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Fie. 57. Balanced mixer employing hybrid junctions. 


frequency, and the impedance of the parallel combination of L/, Cand 
Rh’ is made equal to the conjugate of the i-f impedance appearing between 
the terminals to which L’, C’, and /’ are connected. 

Ideally the two crystals should be alike. Furthermore, all r-f imped- 
ances should terminate the entries of the r-f hybrid junction in matched 
loads, and all i-f impedances should similarly terminate the entries of the 
I-f hybrid junction. Then, because of the properties of a matched hybrid 
junction local-oscillator signals at the crystals are equal in amplitude and 
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in phase, and echo signals at the crystals are equal in amphtude and 180 
deg apart in phase. 

The i-f components of signals from the crystals are applied in push-pull 
to ideal transformer 7’; and appear across L, C, and #& but not across 
L’, C', and Rk’. The i-f components of noise, on the other hand, are in 
effect applied between end terminals of 7'3 in parallel and appear across 
L’, C’, and R’ but not across the i-f output terminals. Local-oscillator 
noise is thus suppressed completely. Because the r-f hybrid Junction 1s 
matched, the total available power from the echo-signal and local-oscil- 
lator arms divides equally between the two crystals. As in the coaxial- 
line mixer of Fig. 56, the i-f power from each crystal 1s one-hali the 
available echo-signal power times the conversion gain G of the crystal. 
Since i-f power from each crystal is delivered at the 1-f output terminal, 
the total i-f output is the product of the echo-signal power and G, 
as before. 

Ordinarily, in single-ended mixers and in the coanial-line balanced 
mixer of Fig. 56, the local oscillator must be loosely coupled to the mixer 
in order to prevent an appreciable amount of echo-signal power from 
entering the local-oscillator circuit. As a result, the local oscillator must 
eenerate much more power than is actually needed for mixer operation, 
the excess power being dissipated in an impedance-changing device 
located in the local-oscillator circuit. Because in a hybrid-junction mixer 
the echo-signal and local-oscillator arms are decoupled, there 1s no tend- 
ency for echo signals to enter the local-oscillator circuit, and hence there 
is no need for loose coupling between local oscillator and mixer. A local 
oscillator with relatively low power output can therefore be used, the only 
power necessary being that which is needed to drive the crystals. Actu- 
ally most local oscillators are capable of generating more than the mini- 
imum power required, so that a dissipative attenuator can be inserted in 
the local oscillator in order to ensure a matched termination for the arm. 
Such an attenuator 1s desirable, as will be seen later. 

Decouphng between echo-signal and local-oscillator arms also means 
that there is no tendency for local oscillator power to enter the echo-signal 
arm. Rejection of local-oscillator signal by the echo-signal arm is par- 
ticularly advantageous m systems employmg a broad-band t-r device 
which would allow local-oscillator power to pass through and be radiated 
by the antenna. 

Another advantage of the hybrid-junction mixer is that its operation is 
less sensitive to differences in the r-f rmpedance of the crystals than is the 
balanced coaxial-line mixer. Becadéesthe two crystal arms are decoupled, 
any r-f power reflected from one crystal cannot reach the other crystal. 
All the reflected power is directed into the echo-signal and local-oscillator 
arms and absorbed by the matched terminations. Thus the amount of 
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r-f power delivered to one crystal is independent of the r-f Impedance of 
the other. 

It a mismatch should exist in either the echo-sienal or local-oscillator 
am, a refleetion of an r-f signal arriving at the mismatched termination 
will oceur, and the signal reflected from the termination will enter the 
two crystal arms. Under these circumstances, the two crystal arms are 
not completely decoupled. At the echo-signal frequency, a mismatch in 
the echo-signal and local-oscillator arms is unlikely beeause in general the 
t-r device provides a matched load for the echo-signal arm, and as indi- 
rated above, a matching attenuator can normally be inserted in the local- 
oscillator arm. 

In general if the crystals provide an impedance match at the echo- 
signal frequeney, they do not vield a perfeet match at the local-oscillator 
frequency. ‘This mismatch is unimportant, since the reflected power will 
be absorbed in the echo-signal and local-oscillator arms. The attenuator 
in the latter arm serves to prevent the returned signal from reacting on 
the oscillator. Should the echo-signal arm not provide a matched 
termination for the returned local-oscillator signal, further reflection of 
the signal will occur and the balance of local-oscillator power at the 
crystals will be further upset. The effect of such an unbalance is to 
change the conversion gains of the crystals slightly, but usually the 
change is neghgible even with moderate amounts of mismatch at the 
local-oscillator frequency. 

Use of the hybrid-junction type of i-f input circuit shown in Fig. 57B 
ensures suppression of local-oscillator noise despite unbalance in the i-f 
impedances of the crystals. When all entries of the i-f hybrid junction 
are terminated in a load that is the conjugate of the impedance the load 
faces, the two crystals, constituting one pair of entries, are decoupled and 
the two resonant circuits, constituting the other pair, are also decoupled. 
If the resonant-load entries remain matched, the amount of i-f signal 
power coupled from one crystal to the output terminals is independent 
even lf the 1-f impedance of the other crystal does not match the arms. 
Furthermore, the 1-f components of noise cancel in the output circuit 
independently of the i-f crystal impedance as long as the crystals develop 
equal 1-f noise voltage. The i-f components of noise appear only across 
the L’, C", and R’ arm. If crystals are tested for equal conversion gains 
while loaded by the conjugate of the i-f impedance of a typical crystal, 
equal 1-f noise voltages can be expected when the crystals are employed in 
the circuit of Fig. 57. 

Terminating the i-f output entry in a matched load does not in general 
ensure minimum noise figure. Mismatching the output entry in order to 
minimize the noise figure alters the load for the push-pull i-f echo signals 
and thus reduces the echo signal power delivered to the load but does not 
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alter the load for the i-f components of noise which are applied to 7’; in 
parallel. The local-oscillator noise-suppression property of the mixer is 
therefore retained. 

18. Test Equipment. In this article several pieces of test equipment 
commonly used for making measurements on the r-f components of radar 
systems are described. 

Standing-wave Indicators. As explained in Art. 10, the r-f transmission 
system of a radar set should operate at approximately unity standing- 
wave ratio during the transmission of pulses. Oftentimes it 1s desirable 
to determine this quantity experimentally whilé the set 1s 1n operation. 
In one method of making the measurement, two directional couplers are 
connected so that one coupler provides an indication of the power being 
propagated in the incident wave in the main line and so that the other 
gives an indication of the power in the reflected wave. If P* represents 
the incident power and P~ the reflected power in a lossless line, 

P- _ |E/?/R- 
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where |#+| and |E-| are the magnitudes of the incident and reflected volt- 
ages, R,is the characteristic resistance of the line, and |T| is the magnitude 
of the reflection coefficient. Since the standing-wave ratio p is equal to 
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Thus if P~ and P* are measured, the corresponding standing-wave ratio 
may be ecaleulated from Eq. 5. Sinee the concept of reflection coefficient 
may be applied to both two-wire lines and waveguides propagating a 
single wave type, Eq. 5 may be applied to either type of transmission 
system. 

Figure 58 shows two two-hole, directional couplers arranged to measure 
the power in the ineident and reflected waves in a rectangular waveguide 
transmission system. Coupler A responds to ineident-wave power and 
coupler B to reflected-wave power. Signals are taken from each coupler 
by means of a pickup probe which extends from the end of the inner con- 
ductor of the output coaxial line into the coupler. Connected to the 
output line of each coupler is a detection device which serves to provide 
an indication of the magnitude of the, incident or reflected power in the 
main guide. \ . 

A convenient form of detection device consists of a crystal detector in 
series with a microammeter. The crystal rectifies the r-f signal at the 
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crystal location, and the microammeter indicates the rectified current. 
The power in the main-line wave is determined from knowledge of the 
rectification characteristic of the crystal (the r-f power corresponding to 
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Iic. 58. Two two-hole, directional couplers arranged to provide an indication of the 
power in the incident and reflected waves in a waveguide. 

a given value of rectified current) and the amount of attenuation betaveen 
mam hne and crystal. 

Iigure 59 shows details of a crystal mount for use with the directional 
couplers of lig. 58. The mount is essentially a short section of coaxial 
Ime, the inner conductor of which is the crystal. 

| TO D-C 
The output end of the crystal is by-passed for r-f —- MIGROAMMETER 
signals to the outer conductor, whereas the 
rectified crystal current is directed to an output —— 
microammeter. If the crystal mount is used in 
conjunction with a probe type of pickup device, 
as mm Fig. 58, a coaxial-line section containing a 
quarter-wave stub must be placed between the 
pickup probe and crystal mount in order to provide 
-a return path for the rectified crystal current. 

A device for measuring standing-wave ratio in 
coaxial nes is shown in Fig. 604A. The equipment 
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the magnitude of the voltage between con- 

ductors of the main line. Thus the maximum and minimum voltage 
between conductors may be determined and the standing-wave ratio 
calculated from the relation p = |# a (i lnecorcor lahat shotn 
maximum- and minimum-voltage points may be located, the slot must be 





S88 R- TRANSMITTING AND RECEIVING SYSTEMS [Cuap. NII 


at least a half wave long; usually its length is a full wavelength or more. 
Because the slot is cut parallel to the direction of current flow, the amount 
of power lost through radiation from the slot is kept small (see Art. 18, 
Chap. IX). 

The detection device shown in Fig. 60A consists of a pickup probe that 
penetrates a short distance radially into the space between conductors 
of the slotted section and a section of coaxial line in which is mounted a 
detector element (see Fig. 60B). A voltage equal to the product of the 
electric-field intensity at the probe and the effective length of the probe is 
applied to the attached line. Because the electric field between main-line 
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Fria. 60. Slotted-line section for standing-wave measurements. 


conductors is radial, the induced probe voltage is proportional to the 
total voltage between main-line conductors. 

The detector element may be a crystal, or it may be a barretter, as indi- 
cated in Fig. 60B. <A barretter consists of a short piece of fine platinum 
wire mounted in a holder which can be inserted in series with the inner 
conductor of the output-coupling line. The wire is given sufficient 
resistance to terminate the line as nearly as possible in a matched load. 
he barretter, which is a form of bolometer, depends for its operation 
upon the fact that its resistance changes with the amount of power dis- 
sipated (and hence the heat generated) in the element. When used as the 
detector in a standing-wave indicator in radar transmission lines, the 
barretter is supplied with a small quiescent direct current. The thermal 
time constant is made small enough so that, when the pulsed r-f power 
picked up by the coupling prebe is dissipated in the barretter, the quies- 
cent direct current is modulated at the pulse repetition frequency. The 
modulated signal may then be applied to an a-e amplifier, and the ampli- 
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fied signal used to provide an indication of the main-linc voltage. A 
convenient tvpe of indicator consists of a rectifier in series with 2 micro- 
ammeter. ‘The rectified current is then a measure of the main-line 
Voltage. 

A machine similar to that shown in Fig. 60 may be used for measuring 
the standing-wave ratio in rectangular waveguides propagating domimant 
waves. The slot. is cut longitudinally at the center of a broad wall of the 
guide. Loss of power because of radiation through the slot. is thus 
minimized, since current flow at the slot location is Wholly in the longi- 
tudinal direction. 

Wavemeters. Vhe standing-wave machine of Fig. 60 can also be used to 
determine the wavelength of r-f signals being propagated in the r-f trans- 
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kicg. 61. Coaxial-line wavemeter. 


mission system. The wavelength is twice the distance between adjacent 
minimum-voltage (or maximum-voltage) points. This method of meas- 
uring wavelength is not applicable, of course, when the standing-wave 
ratio is unity and becomes increasingly inaccurate as the value of unity 
is approached because of the difficulty of locating minimum-voltage 
points. 

A more accurate microwave wavemeter employing a shorted-end 
coaxial-line cavity is illustrated in Fig. 61. The r-f power is coupled into 
the cavity by coupling loop A, and the indicating device, consisting of a 
crystal rectifier and microammeter, is supplied with a small amount of 
power by coupling loop B. One end wall of the cavity can be moved by 
means of the tuning dial located at the end of the instrument. 

In order to determine the wavelength of the r-f input signal, the 
movabie plunger is placed at points which yield maximum output-meter 
readings. These points correspond to multiple half-wave resonances of 
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the coaxial-hne section (Art. 15, Chap. IX). The corresponding plunger 
positions may be determined accurately from readings of a scale atop the 
instrument and the vernier scale on the tuning dial. The distance 
between successive plunger positions yielding maximum output readings 
is equal to a half waveleneth of the input signal. Because the Q of the 
wavemeter 1s high, the resonances are well defined and an accurate 
indication of wavelength is possible. 

licho Box. <A piece of equipment which is useful for a variety of test 
purposes 1s the echo box, consisting of a cylindrical resonant cavity 
excited so that resonance is in one of the low-atténuation (T'Eo.1.n) modes 
(Art. 5, Chap. IX). One of the cavity end walls is built as a movable 
plunger so that the cavity may be tuned over a range of frequencies. 
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Fie. 62. <A 10-em echo box. 


An example of an echo box intended for 10-em operation is given in 
Ig. 62. The loop at the cavity periphery serves to couple r-f signals into 
the cavity, and the knob at the end of the instrument enables the cavity 
to be tuned to the frequency of the input signal. An indication of reso- 
hance is given by a microammeter which responds to the rectified current 
through a crystal detector attached to an output-coupling loop located on 
the opposite side of the instrument from the input loop. The frequency 
of resonance is obtained from a calibration chart which eives the resonant 
frequency of the cavity in terms of the reading of a dial attached to the 
tuning knob. 

When used to measure the operating frequency of a radar system, the 
echo box may be coupled to the r-f system through a directional coupler, 
or a pickup antenna, placed in the vicinity of the radar set, may be used 
to intercept a small amount of r-f power being radiated. The r-f signals 
at the pickup antenna are then comugted to the echo box over a short 
section of coaxial line, and the echo box is tuned to resonance at the fre- 
quency of the input signal. Resonance is indicated by a maximum read- 
Ing of the output microammeter. 


Arr. 18] TEST EQUIPMENT 391 


A typical 10-em echo box has a bandwidth of the order of 100 keeps, 
corresponding to a Q of 30,000, whereas the Fourier components of r-f 
pulses of radar systems usually encompass a band of the order of several 
megaeyeles per second on either side of the carrier frequency. tence if 
the echo box is tuned to various frequencies within the spectrum of the r-f 
pulse, the output-meter reading is a measure of the r-f power contained 
within a 100-keps band of frequencies centered at the frequeney to which 
the echo box is tuned. A plot of the eeho-box output reading as a fune- 
tion of frequency thus indicates the manner in which the r-f out pul power 
of the radar transmitter is distributed in the frequency spectrum of the 
transmitter pulse. Examples of good and poor spectra of magnetron 
transmitters and their effeets upon the performanee of the radar system 
are-given in Art. J1, @hap. XI. 

When used to measure the spectrum of an r-f pulse, the eeho box has 
the advantages of simphcity and portability. Its disadvantage is that 
only one point of the power-spectrum curve can be obtained at a time; 
the over-all curve must be constructed by plotting echo-box meter read- 
Ings at a number of different frequencies. (A spectrum analyzer that 
displays the entire power-spectrum curve on a cathode-ray-tube screen 
Is described in a later paragraph.) 

An echo box may also be used to evaluate the over-all performance of a 
radar system. Over-all performance may be defined as the ratio of P,, the 
transmitter power output within the receiver bandwidth as measured at 
the antenna, to P,,,;,. the minimum echo-signal power required to produce 
an indication on the cathode-ray tube. That is, 


P; 
Tee. 


power output in the receiver bandwidth 
minimum detectable receiver power 


Over-all performance = 





(6) 


The over-all performance may be measured by connecting the echo box to 
a directional coupler attached to the r-f transmission system. During a 
transmitter pulse, energy is supplied to the echo box by way of the direc- 
tional coupler. Oscillations build up in the echo box, and the stored 
energy increases during the interval 7’, which represents the pulse dura- 
tion. During the off time of the transmitter, the echo box returns its 
stored energy to the directional coupler, which now directs the returned 
power to the radar receiver. The returned power thus appears on the 
cathode-ray-tube screen as an echo signal. The energy stored in the 
echo box at the end of the transmitted pulse decreases gradually, so that a 
short time after the transmitted pulse the returned power becomes so 
small that the receiver can no longer detect it. The time between the 
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termination of the transmitted pulse and the instant at which the returned 
power falls below the minimum required to produce an indication 1s called 
the ringing time. The ringing time is a measure of the power output of 
the transmitter, the efficiency of the r-f system, and the sensitivity of the 
receiver, since the maximum energy stored in the echo box depends on 
the power output of the transmitter while the instant at which the 
receiver will no longer detect the returned signal depends on the losses in 
the r-f system and the receiver sensitivity. The indication which the 
echo box gives on the various types of presentations is shown in Fig. 63. 
The range corresponding to ringing time is marked 7. 
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Fie. 63. Echo-box indications on various types of presentations. 
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lic. 64. Power received and returned by echo box. 


During a transmitter pulse, the energy stored in the echo box increases 
exponentially (see Fig. 64). For a given size echo box the stored energy 
at the end of a transmitter pulse }W’9 1s proportional to the transmitter 
power P,, the pulse duration, the directional-coupler attenuation, and the 
amount of coupling provided by the echo-box coupling loop. If all 
factors except P; are constant, Wo = AP; At the end of a transmitter 
pulse, the echo-box energy is returned to the receiver as a decaying 
oscillation, the mitial rate of energy decay, P;, being proportional to Wp. 
Thus the power at the receiver P, at any instant ?¢’ after the transmitter 
pulse 1s 


P, a peer 72 = ek! West’? = hile 7 — higizse °° (7) 


: mS . ° 
where /; accounts for the attenuation between echo box and receiver and 
Tis the time constant of the exponential decay of oscillations in the echo 
box. 
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Krom Eq. 6 the relation among the ringing time, the transmitted power, 
and the minimum detectable power may be determined. If P,,,. is the 
minimum power which will produce an indication on the cathode-ray-tube 
screen and ft, 1s the corresponding ringing time, 

om = heoP me (8) 
and the ringing time ts 
t, 
_— é ? . 
ty = Toke 5, (9) 


Tinin 


Thus the ringing time is proportional to the logarithm of the over-all per- 


formance of a radar system. If the over-all performance is expressed in 
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Fic. 65. Block diagram showing basic components of a microwave electronic spectrum 
analyzer. 


decibels, 1t 1s directly proportional to the ringing time. An increase in 
the ringing time due to either an increase in receiver sensitivity or an 
increase in the power output of the transmitter corresponds to an increase 
in over-all system performance, which in turn means an improvement in 
the theoretical maximum range of the system. 

Spectrum Analyzer. Although echo boxes may be used to analyze the 
spectra of r-f pulses, the term spectrum analyzer usually refers to an 
instrument which displays the entire spectrum on the screen of a cathode- 
ray tube. A spectrum analyzer is basically a narrow-band superhetero- 
dyne receiver with provision for varying the local-oscillator frequency 
linearly with time. The output signals from the receiver are applied to 
the vertical-deflection plates of a cathode-ray tube, and the sweep voltage 
that serves to vary the local-oscillator frequency is applied to the hori- 
zontal plates. Because the 1-f amplifier bandwidth 1s narrow—about 100 
keps—the receiver output signal for a given value of local-oseillator fre- 
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quency 18 a measure of the power in a very small portion of the input- 
pulse spectrum. By varying the local-oscillator frequency slowly and 
moving the cathode-ray-tube beam across the screen in correspondence, 
the distribution of power in the entire spectrum of the input pulse may be 
obtained. 

The basic components of a spectrum analyzer are shown in block- 
diagram form in Fig. 65. The r-f input pulses are applied, through an 
attenuator, to a crystal mixer simultaneously with a signal from the local 
oscillator. The local oscillator is usually a reflex klystron. <A saw-tooth 
voltage applied to the repeller of the klystron serves to vary the local- 
oscillator frequency approximately linearly with time. The same saw- 
tooth voltage also serves as the horizontal-deflection voltage of the 
cathode-ray tube. The mixer output signals are applied to the remaining 
portion of the receiver, consisting of a narrow-band 1-f amplifier, a 
detector, and video amplifier. The appearance of the input-pulse spec- 
trum is similar to that shown on the face of the cathode-ray-tube screen in 


Fig. 65. 


CHAPTER. NITI 
ANTENNAS 


The characteristics and operation of any radar antenna svstem affect 
the performance of the radar equipment in several ways. The two most 
Important ways pertain to the operation of the antenna as a directional 
radiator or absorber of radio-frequency energy and to the behavior of the 
antenna as a circuit element which has to be matched to its associated 
transmission lime. 

The directional features of radar antennas are usually their most imMpor- 
tant characteristics. A directive transmitting antenna makes it possible 
to Uluminate only certain selected targets at any one time, and a directive 
recelving antenna makes it possible for the radar set to look only in 
selected directions at a given time. Direetivity in both antennas greatly 
improves the over-all directivity of the system. This is accomplished 
by illuminating only a few targets at any one time and simultaneously 
looking directly at these, with the result that perceptible echoes arc 
received only from the chosen targets. A highly directive antenna is 
also desirable because it allows all the radiated energy to be concentrated 
in one general direction, and this is enormously helpful from the stand- 
point of the power required to produce a discernible echo signal. 

Because the proper operation of a radar system depends in a funda- 
mental way on the antenna, it is desirable to consider a few of the princi- 
ples by which antenna performance can be explained. No attempt is 
made in this chapter to obtain results through the use of electromagnetic 
theory, but rather the intent is to select those results which are most 
useful in treating antennas and to show how they may be applied. In 
general, the discussion to follow will be concerned with transmitting 
antennas, not because they are more important than receiving antennas, 
but because the characteristics of a given antenna are the same, if 
properly mterpreted, when the antenna is used for either purpose. This 
equivalence follows from the reciprocity law, which applies in antenna 
work and which is an extension of the well-known reciprocity theorem 
used in electric-circuit analysis. 

1. The Half-wave Antenna. Because half-wave antennas are the 
fundamental radiating elements in most radar arrays, they are an appro- 
priate starting point in a discussion of radar antennas. Physically, a 
half-wave antenna is a conductor of essentially uniform diameter and 
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approximately a half wavelength long. Electrically, a half-wave antenna 
may be regarded as a kind of resonant transmission-line system involving 
oscillating distributions of charge, current, and voltage along the length 
of the antenna and electric and magnetic fields in the region around the 
antenna. The electric and magnetic fields in the region close to the 
antenna have approximately the configurations shown in Fig. 1. The 
magnetic-flux lines are circles lying in planes perpendicular to the antenna, 
with centers on the axis of the antenna. ‘The electric-flux lines he in 
planes which contain the antenna itself. 

The distribution of charge density, current, and voltage along the 
antenna at several specific instants during the cycle of oscillation is shown 
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hig. 1. Approximate configuration of electric and magnetic fields close to the antenna at 
an instant during the cycle of oscillation when the current flow is upward and the upper 
part of the antenna Is at a positive potential with respect to the lower part. 


in Fig. 2. In Fig. 2A, the instantaneous distribution of charge density 
(charge per unit ie g/d) is drawn at one-eighth-cycle intervals for a 
half cycle of the oscillation. Positive values indicate positive charge per 
unit length of antenna, and negative values indicate negative charge per 
unit length of antenna. Figures 2B and C’ show, respectively, the 
instantaneous current and voltage distribution at the same instants of 
the oscillatory cycle. Current flow to the right is plotted positive, and 
current flow to the left 1s plotted negative. The voltages of Fig. 2C are 
measured from the center of the antenna; the plots are positive at points 
which have mstantaneous potenti als above the potential of the center 
and negative at pomts which ‘have instantaneous potentials below the 
potential at the center. At any point along the antenna the charge, 
current, and voltage vary smusoidally with time. 
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Fig. 2. Distribution of charge per unit length, current, voltage, and energy per unit length 
along a half-wave antenna at one-eighth-cvcle intervals of wt. 
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The electric and magnetic fields around the antenna represent stored 
energy. At any instant the energy stored per unit volume in space 1s 
1ge9S2 for the electric field and '4uo3C? for the magnetic field, where éo 
and wo are, respectively, the permittivity and the permeability of space 
and & and 3¢C are the instantaneous values of electric-field intensity and 
magnetic-field intensity, respectively. The stored energy may also be 
expressed in terms of the capacitance between corresponding elements at 
opposite ends of the antenna and the inductance associated with each 
element of the antenna. The stored energy per unit length of antenna is 
16Ce? for the electric field, and 1447? for the magnetic field, where C’ and 
L are capacitance and inductance per unit length. Although C and L are 
not constant along the length of the antenna, the energy density (energy 
per unit length) distributions are approximately the square of the voltage 
and current distributions, as shown in Figs. 2D and #., 

The areas under the curves of energy per unit length represent the 
energy stored for the complete length of antenna. It 1s important to 
note that, for a certain length of antenna—called a resonant length— 
which is slightly less than \/2, the total stored energy is constant through 
the eyele. At the instants of maximum current the energy is all stored 
in magnetic form, and at the instants of maximum voltage it 1s all stored 
in electric form, but at all other instants the energy is stored partly in each 
form. 

In addition to the stored energy there is disstpated energy, some being 
lost as heat in the antenna conductor and some being radiated. In 
practical antennas the amount of energy lost as heat is negligible com- 
pared with that radiated, and the amount radiated per cycle is smaller 
than the total amount stored. 

From an energy viewpoint, a half-wave antenna is very similar to a 
resonant circuit of moderate Q. In both resonant systems the stored 
energy exceeds that lost per cycle, and in both the stored energy surges 
back and forth from electric to magnetic form, the total amount stored 
remaining constant during the cycle. In both the antenna and the L-C 
circuit the currents and voltages are predominantly determined by the 
surging energy and are only slightly affected by the energy furnished by 
the source of excitation. But the input impedance in both—the imped- 
ance presented to the source of excitation—depends upon the power sup- 
pled by the source and not upon the surging power. Since the source 
supphes only the dissipated power, the input impedance is a resistance 
of magnitude #?/P, where P is the power supplied and F is the voltage at 
which it 1s supphed. When /Nis large (as in parallel resonance), the 
resistance 1s high, and when F is small (as In series resonance), the resist- 
ance 1s low. 

A further comparison of half-wave antennas with resonant circuits is 
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made in Fig. 3, where three methods of exciting or feeding antennas are 
shown together with the corresponding lumped-parameter analogue. 
The method shown at the left in Fig. 3 gives an input impedance about 
equal to the characteristie impedance of a coaxial line and is therefore 
suitable when a single antenna is to be exetted. The method shown at 
the nght in Fig. 3 has an input impedance of several thousands of ohms 
and ts suitable for exerting many half-wave antennas which are effectively 
mn parallel. ‘Phe method shown in the center diagram gives input 
Impedances termediate between the other two and ts suitable for excit- 
Ing afew antennas which are effectively in parallel. 
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Fic. 3. Three methods of exciting half-wave antennas, and their analogues in lumped 
parameter resonant circuits. 


2. Input Impedances of Center-fed Antennas of Arbitrary Length. 
Figure 4 shows the input reactance and Fig. 5 the input resistance of a 
center-fed antenna of arbitrary length. The input impedance is a series 
combination of the two components. The important regions of the 
curves correspond to antenna half lengths near \/4 and near \/2. The 
former represents a center-fed half-wave antenna, whereas the latter 
represents a pair of end-fed half-wave antennas excited in phase. ‘The 
half length of the antenna is used in plotting in order to show the resem- 
blances between the antenna-reactance curves and the mput-reactance 
curves for an open-ended transmission line. 

In the regions of principal interest the reactance curves of Tig. 4 are 
nearly straight lines, the slopes of which depend on the diameter of the 
antennas expressed in wavelengths. The slopes of the reactance curves 
decrease as the antenna diameter increases. ‘This characteristic 1s tmpor- 


A 


900 ANTENNAS (Cuap. XIII 


tant in radar antennas which need to be insensitive to small changes in 
frequency. The curves show that antennas of large diameter present 
less than a specified amount of reactance, say 1 ohm, over a greater range 
of antenna length than slender antennas do. Thus a given length of 
antenna has less than | ohm of reactance over a wider range of frequency 
when the antenna has a large diameter than when it has a small diameter. 
Radar antennas are commonly made of tubing and frequently have 
diameters in excess of \/20. 

Figure 5 shows that the Input resistance also depends on antenna diam- 
eter. ‘his dependence is more pronounced when the half length is about 
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Fig. 4. Reactance at input terminals of a center-fed antenna of arbitrary length. 


d/2 than when the half length approximates \/4, as it does for a single 
center-fed antenna. The values for the single half-wave antenna are not 
readable on the curve, but the component representing radiation ranges 
from 73 ohms for infinitely thin antennas through 64 ohms for a diameter 
of 0.0001, 55 ohms for a diameter of 0.01\, to less than 50 ohms for 
certain large-diameter radar antennas. 

The input resistance of a center-fed antenna comprises radiation resist- 
ance and the effective resistance of the antenna conductors at the oper- 
ating frequency. Because antennas usually employ short, thick elements, 
the latter component is negligible. Radiation resistance may be defined 
as the ratio of the power radiated.from the antenna to the square of the 
current at the input terminals.” Sometimes radiation resistance is defined 
in terms of the maximum current of a half-wave antenna rather than in 
terms of the current at the input terminals, 
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The mput impedance of a center-fed antenna is the complex number 
that results from adding the resistance and reactanee obtained from the 
curves of Figs. 4d and 5. It should be borne in mind that these curves 
are Vahd only when the antenna is tsolated from other current-carrying 
elements. ‘The presence of additional elements, such as parasitic ele- 


10,000 


9000 . . 
DIAMETER = 47 50,000 


7000 


6000 


In OHMS 


5000 


4000 
DIAMETER = }/7 500 


RESISTANCE 





1/74 1/2 3/4 l 5/4 
HALF-LENGTH OF ANTENNA, IN WAVELENGTHS 


Fig. 5. Resistance at input terminals of a eenter-fed antenna of arbitrary length. 


ments, reflecting screens, or adjacent antennas in an array, modifies the 
input impedance of the antenna because of mutual mteraction of the 
elements. Since the flow of current in any one element induces a voltage 
in all the others, each radiator is coupled to each of the other elements. 

A feature of Fig. 4 which ts not easily discernible 1s that the over-all 
lengths at which the reactance is zero are less 
than A/2 and ». The amount by which an 
antenna with zero reactance is shorter than 
these lengths depends on the antenna 
diameter. For very slender antennas the 
shortening is shght, but for large-diameter 
antennas or for special shapes, such as the 
noncylindrical antenna of Fig. 6, the resonant 
length may be as much as 20 per cent shorter than A/2. Special shapes, 
such as the one shown in Fig. 6, have the advantage of being insensitive 
to small changes in frequency and at the same time are not so subject to 
corona (breakdown of the air because of large potential gradients) as 
cvlindrical antennas are. 

It is of interest to consider the reactance curves of Fig. 4 in terms of 
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stored energy. When an antenna is of resonant length, the stored energy 
is constant during the cycle and the source supplies only the dissipated 
energy. ‘l’o the source the antenna appears, therefore, as a purely 
resistive load which requires real power but no reactive power. If the 
antenna is center fed and slightly less than the resonant length, the 
stored energy is not constant durmeg the cycle. This can be seen by 
taking a strip from the center of the energy-density curves of Fig. 2, 
the width of the strip being equal to the reduction in antenna length. 
The shortened antenna stores more energy in electrical form at the instant 
of maximum voltage than it stores in magnetic form at the instant 
of maximum current. Consequently the source must supply capacitive 
reactive power in addition to real power, and it therefore sees the antenna 
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Fic. 7. A method of adjusting the Input Impedance of a center-fed antenna. 


as a capacitive impedance. It may be shown in a similar manner that 
the reactance of a center-fed antenna slightly longer than \/2 is inductive. 
It can be seen also that the reactance of an antenna of length shghtly 
greater than \ is capacitive and that the reactance of an antenna of length 
shghtly less than \ is inductive, as indicated in Fig. 4. 

In radar it is frequently necessary to adjust the input impedance of 
antennas. A common method of impedance changing consists in short- 
ening a center-fed, half-wave antenna so that it presents a capacitive 
impedance at its input terminals and then adding a shorted-end trans- 
mission-line stub less than A/4 long in parallel with the input to the 
antenna. Such an arrangement, with its equivalent circuit, is shown in 
Wig. 7. At a single frequency the antenna impedance may be repre- 
sented by a resistance 7 and capacitance C in series, and the stub by an 
mductance Lin parallel with the antenna impedance. If the series com- 
bination of & and Cis replated by equivalent shunt eclements Ry and C4, 
as indicated in Fig. 756, and the reactive component canceled by means of 
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the stub, the input impedance becomes the resistance R;. A wide variety 
of values is possible for Ay, and these values depend upon the length to 
which the antenna is trimmed. In addition to serving as an Impedance- 
changing device, the stub may also be used as 2 mechanical support for 
the antenna by attaching the shorting bar rigidly to a supporting frame. 

lf the antenna conductors are made of hollow tubing, coaxial-line stubs 
may be inserted in the tubing, as shown in Hig. 8. The inner surfaces of 
the antenna elements serve as the outer conductors of the stubs. The 
stubs are in series, and each is made less than one-cighth wave in leneth. 
The total reactance of the stubs is therefore inductive and is in parallel 
with the input impedance of the antenna. The antenna may be sup- 
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lig. 8S. Center-fed antenna with coaxial stubs. 


ported from ground by connecting a conductor to point A, the electrical 
center of the antenna. 

3. Radiation Fields of a Half-wave Antenna. ‘Thus far only the fields 
near the antenna have been considered. These fields are associated with 
the stored energy. Electric and magnetic fields are also associated with 
the radiated energy, and these are called radiation fields. The radiation 
fields, which persist to great distances, determine the directional charac- 
teristics and input resistance of the antenna, whereas the fields near the 
antenna are principally responsible for the behavior of the antenna as a 
resonant-cireult element. 

Figure 9 shows the manner in which the radiation fields are propagated 
away from the antenna. The electric and magnetic fields are represented 
by separate sets of flux lines which are at right angles to each other and to 
the radial direction of propagation. ‘The picture is representative of any 
plane containing the antenna and applies for a single instant of time. 

The magnetic-flux lines are circular tines having the axis of the antenna 
as their axis, so that they appear in Fig. 9 as dots and crosses. At 
intervals of one-half wavelength along a radial direction, these flux 
lines reverse direction. This reversal is appropriate because the mag- 
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netic-flux density varies along the radial direction in approximately a 
sinusoidal manner, as indicated in the figure. 

The electric-flux lines are also closed and consist essentially of arcs of 
circles lying in planes containing the antenna and joined in the manner 
shown. They, too, reverse direction at precisely the places where the 
magnetic-flux lines reverse direction, and thei density varies along the 
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lic. 9. Configuration of the electric and magnetic fields as they travel radially from a 
half-wave antenna. 

radial direction in the way that the magnetic-flux density varies. In fact, 
the electric-flux density 1s everywhere proportional to the magnetic-flux 
density. 

An important feature of Fig. 9 is the way in which the peak flux 
densities vary with the radial distance (measured from the center of the 
antenna) and with the angular ‘orientation of the radial direction with 
respect to the antenna axis. If the radial distance is fixed, the peak 
electric-flux density is clearly small at the antenna axis, where only a 
few of the flux lines appear, and rises to a maximum value at an angle of 
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9) deg from the axis, where all the flux lines appear. If the angular 
orientation with respect to the axis is fixed and the radial distance is 
inereased, the peak eleetrie-flux density must deerease inversely with the 
radial distanee. This is because the number of flux ines between any 
adjacent pair of flux zeros is the same, and the area of the circular band 
of width A, 2 through whieh these lines pass increases mn proportion to the 
radial distance. | 

As stated above, the configuration of flux lines shown in Fig. 9 apples 
for a single instant of time. As time goes on, the flux Ines travel radially 
at the velocity of hight to form a wave motion, and new flux lines are 
created at the antenna to replace those whieh journey outward. At any 
point. in space, the electric and magnetic fields oscillate, the oscillation 
frequeney being the same as the frequency of the antenna current. ‘The 
variations in the magnitudes of electric-field intensity & and magnetic- 
field intensity 3C are in phase. The directions of & and 3C in space, as 
eiven by the corresponding fluxes in Fig. 9, are at mght angles to each 
other and to the radial direction of propagation. 

The foregoing discussion is a description in terms of geometry and flux 
lines of what takes place as the waves are propagated. In physical terms 
the mode of propagation is as follows. At every point in space the time- 
varving magnetic field induces a voltage gradient in space, which 1s the 
electric field. This electric field also varies with time, and its variation 
with time is equivalent to a current, even though it is not associated with 
a movement of charge. This equivalent current, called the displacement 
current, establishes a magnetic field in precisely the way that a conduction 
current does. This magnetic field is the original magnetic field. Thus 
the varving magnetic field produces a varying electric field, which in 
turn, through its associated displacement current, sustains the varying 
magnetic field. Each field supports the other, and neither can be 
propagated by itself without setting up the other. 

4. Analysis of Radiation Fields of a Half-wave Antenna. In the 
preceding article the fields surrounding a half-wave antenna are described 
qualitatively. In this article the fields will be described quantitatively 
at any point in space in terms of both their magnitude and direction. 
In order to do this, it is first necessary to establish reference directions 
for the quantities involved. 

The first reference direction is that for the antenna current. This, of 
course, is taken along the antenna in either one of the two possible direc- 
tions. Antenna current is then specified in the usual way by assigning 
positive magnitudes to the current when it flows in the reference direction 
and negative magnitudes when it flows opposite to the reference direction. 

In addition to the current reference at the antenna, which can be 
arbitrarily selected, three reference directions are required at each point 
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In space, and these are not arbitrary. How they are related to the cur- 
rent reference 1s conveniently stated in terms of an imaginary spherical! 
surface which surrounds the antenna and passes through the poimt in 
question, as shown in Ifig. 10. The center of the spherical surface 1s 
comcident with the center of the antenna, and the axis of the sphere is 
taken to be the axis of the antenna. Poles are defined by the inter- 
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Fig. 10. Coordinates and reference directions used with half-wave antennas. 


sections of the axis with the spherical surface, and the one toward which 
the current reference points is chosen as north. Since the current refer- 
ence direction in Tig. 10 is upward in the antenna, the north pole appears 
at the top of the diagram. 

At any point on the surface of this sphere three directions are defined 
as follows: ‘The @ direction is tangent to the surface of the sphere and 
directed southward on a meridian line, the ¢ direction is tangent to the 
surface of the sphere and directed eastward on a line of constant latitude, 
and the r direction is perpendicular to the surface of the sphere and 
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directed outward. These three directions are mutually perpendicular in 
space and will serve as the reference directions for describing the fields. 

The electne field laid down by a half-wave antenna has a principal 
component along the @ direction and a small component along the r 
direetion, the latter being necessitated in accordance with Fie. 9 by the 
jonung of the circular ares. In the disenssions which follow, the small 
radial component will not be considered. To this approximation, the 
eleetric field lies wholly in the @ direction (or opposite to it), and the 
complex number representing the field in this direetion will be designated 
as & Similarly, the magnetic field lies wholly in the # direction (or 
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Fic. 11. Plane diagram showing coordinates r and @ and the reference directions at two 
typical points, P1 and Pe. 


opposite to it), and the complex number representing the magnetic field 
in this direction will be designated as Ry. To the approximation that 
the electric field can he considered to be wholly in the 6 direction, the 
Poynting vector can be considered to be in the r direction. The instan- 
taneous power density in the r direction is designated as §,. 

In order to evaluate & and 3, at any point, it is necessary to introduce 
the spherical coordinates r and 6. The coordinate r is the radius of the 
sphere passing through the point in question, that is, the radial distance 
from the point to the center of the antenna. Angle @ is either the large 
or the small angle in space between the antenna axis and the radial line 
drawn from the center of the antenna to the point in question. Because 
of symmetry it is not necessary in stating magnitudes to distinguish one 
meridian line from another, so that the spherical angle ¢ is not introduced. 

A plane diagram which clearly shows the three directions and the two 
coordinates so far introduced is shown in Fig. 11. This diagram apphes 
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only at points lying in the plane of the page, but it is representative of any 
meridian circle. Point P; is representative of positions along the nght 
half circle, and P, is representative of positions along the left half circle. 

Expressions for & and 3, may now be given. Let the current 
ut the center of the antenna be represented by the complex number 
IT = |I\e° = (,,/+/2)e¢°._ The complex numbers standing for the elec- 
tric- and magnetic-field intensities at a point distant r from the antenna 
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In these expressions &g,, 1s the peak value of the electric field in the 6 direc- 
tion and is related to /,, and r as follows: 


2 BOL 
Sim = \/2 |S] = eo F(8) (4) 


Also, Hgmn 18 the peak value of the magnetic feld and is given by the 
expresston 


a I 
Sea = 4/2 IC 4) = 120% Sem (5) 


The factor F'o(@) has the value 


cos (90° cos 6) 
Siig 


Fy(0) = (6) 
In the above relations, electric-field intensity is in volts per meter, mag- 
netic-field intensity 1s In amperes, and power density is in watts per square 
meter when current 1s expressed in amperes and r and X\ are in meters. 

Several important features of Eqs. 1 to 3 may be listed. They are: 

1. At a point in space distant r from the antenna, the electric field is 
delayed in phase [(360°r/A) — 90°] with respect to the current at center 
of the antenna. 

2. At each point of space the electric-field intensity in the 6 direction 
and the magnetic-field intensity in the ¢ direction are in phase with each 
other. \. 

3. ‘he instantaneous power density 8, is never negative but pulsates 
ut double frequency between zero and a maximum value of SnJ5Cg, and 
has an average value of Somn3Cgm/2. 
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The phase relationships existing among the antenna current and elec- 
tric- and magnetic-field mtensities at a remote point in space may be 
represented graphically by a complex-number diagram shown in Fig. 12. 
Antenna. current is taken as the referenee wave and is the eomplex number 


b= Cla A \/2) €® 


The complex number &», representing the eleetric-field intensity in the 6 
direction ata point distant r from the antenna, has a magnitude &6¢,,/+/2, 
Where Sem 1s given by Eq. +, and is delayed in phase with respect to 7 by 
an angle [(860°r,\) — 90°]. Thus &> is retarded witl respect to J a 


whole number of revolutions plus a Eb -1360°E -90" 
2 


ae € 
fraction of a revolution, as indicated 


in the diagram. The magnetic-field 
intensity m the ¢@ direetion at the 
same point is the complex number 


ee = 


120a xy 2 


r 
—7{ 360°- —90° 
4 = Som i( 36 » ) 


and is in phase with &>. 

It should be noted that the delay 
angle of &@ is usually enormously 
large, being the sum of an integer 
times 360 deg plus an angle less than 
360 deg, which 1s the visible angle on at Po | 

‘tag. 12. Complex-number diagram show- 

fie COmapiex-tiembercagetame Tithe sme antenna current. and feld$ at a dis: 
location of &@ on the diagram isto be tance r from the center of a half-wave 
known to 1 deg, r must be known to — 
\/360 units of r regardless of the size of 7. Hence one must exercise 
extreme care in evaluating 7 when the phase of &@ is being determined. 
In a calculation of the magnitude of &», however, extremely precise values 
of r are not necessary, since a fixed percentage error in 7 causes the same 
percentage error in the magnitude of &. 

Another important feature of the field relations given by IXqs. 1 through 
6 is the manner in which &%, depends upon J», 7, and 6. Tor a given 
antenna current and given spherical surface where 7 has a single value, 
Som depends only on 6. The actual relationship of &, to @1s given by the 
factor Fo(@), defined by Eq. 6. Values of /o(@) are given in Table 1 
and are plotted in both rectangular and polar coordinates in Tig. 13. 

Because of symmetry about @ = 90°, it 1s unnecessary to tabulate 
F(@) beyond @ = 90°. It is because of this symmetry that the angle @ 
can be measured from either end of the axis of the antenna. When using 


a 





DELAY ANGLE = 360° —— -90° 
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F’o(0), 1t will be convenient to remember that F'o(@) is very roughly equal 
to sin @ where @ does not exceed 180 deg (see Fig. 134). 

From Fig. 13 it is evident that as a single meridian line on the spherical 
surface is traced, the magnitude of the electric field changes trom zero at 
the north pole to a maximum at the equator and back to zero at the south 
pole. This is true for any meridian line and is consistent with Fig. 9. 





45°50.9° 129.1135 
@ IN DEGREES 





(A) RECTANGULAR PLOT 
Fic. 13. Plots of the function Fo(@). 


TABLE 1. VALUES OF F)(@) 


0 F'o(6) 0 Fo(8) 0 F)(8) | 0 | F’o(@) 
Oe 0 D5: 0.346 50° 0.696 | 75° 0.955 
a 0.080 | 30° ati | 55° WO fas. # SO? 0.978 
ee O.141 | 35° 0.490 | 60° O: S175 §! So" 0.995 
oe 0.205 | 440° 0.557 | 65° 0.868 gQ° | 00 
205 0.275 ly” 0.627 co | 0.914 G5 ° 0.995 


| 





0. Patterns of a Half-wave Antenna; Pattern Interpretation. Antenna 
patterns are of two kinds, field-intensity patterns and power-density 
patterns. The first is a plot of the electric-field intensity at a fixed 
distance from the antenna as a function of angle measured in the particu- 
lar plane for which the pattern apples. The second is a plot of the 
power density at a fixed distance from the antenna against angle in a 
particular plane. Magnetic-fleld intensity is not considered because 
plots of 1t are the same, except for scale, as those of the electrie field. For 
either kind of pattern the plots qan be made for a large number of planes 
In space, but usually only three. prihcipal mutually perpendicular planes 
are considered. The plots‘are normally made in polar coordinates; that 
is, radial Imes are drawn from a point (the pole), and the length of each 


Mew. 3] PATTERNS OF A HALF-WAVE ANTENNA 91] 


line is made proportional to the magnitude of the electric-field intensity 
Sem Or power density Sonata given distance rin the direction of plotting. 
The pattern is a eurve Joming the ends of the radial lines. 

lor the half-wave antenna it is sufficient to consider the pattern 
mn but two of the principal planes—the plane perpendicular to the antenna 
and biseeting it and any plane containing the antenna. These are called, 
respectively, the magnetic plane and the electric plane, hecause the former 
contaims magnetic-flux Hnes and the latter contains electric-flux lines. 
These names are very convenient in dealing with single half-wave 
antennas but are less convenient mm dealing with other antenna systems. 
When used with other systems, the term electrie plane usually means a 









0 
ELECTRIC- FIELD 
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LOCUS OF POINTS WHERE FIELOS ARE MEASURED 


(A) ELECTRIC PLANE (B) MAGNETIC PLANE 
Fic. 14. Patterns for a half-wave antenna. 


plane containing electric-flux lines and the line of principal radiation. 
Likewise, the term magnetic plane usually means the plane containing 
magnetic-flux hnes and the line of principal radiation. 

igure 144 shows the electric-field and power-density patterns for 
a half-wave antenna in the electric plane, and Fig. 14B shows the patterns 
in the magnetic plane. The plots are polar plots, in which the length ob 
Is proportional to §,, at point B and the length ob’ is proportional to 
Sem at pomt 6, and so on, for other points such as A and C. ‘The scales 
have been so chosen that the electric-field and power-density patterns 
coincide for point 4, which is a point where both &4,, and Cr are Manel 
mum. ‘This procedure makes it possible to observe that S,m falls away 
from its maximum value more rapidly with change in angle than does 
Sem. In fact the §,. pattern may be obtained by squaring values read 
from the &@, pattern when the scales are such that oa and oa’ are unity. 
An important consequence of this is that §,,, reaches half its maximum 
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value where &m is 0.707 of its maximum value. Points on the pattern 
which satisfy this condition are called half-power points. The angle 
between the half-power points is defined as the beam angle. The beam 
angle of a half-wave antenna is 78.2 deg in the electric plane. 

Because the patterns for all planes containing the half-wave antenna 
are identical, 1t 1s possible to visualize a three-dimensional pattern which 
is obtained by revolving the 6, curve of Fig. 144 around the antenna as 
an axis, thereby generating a doughnut-shaped surface which has no 
hole. The radial distance from the center to any point on this surface is 
proportional to &»,, at a specified distance r measured in the direction of 
plotting. A three-dimensional power-density pattern can also be gven- 
erated, of course. 

The above statements regarding patterns have presumed that the 
radial distance r is constant and that 8m and $m are varying with the 
angles. Another interpretation can, however, be made. If contour 
lines are drawn in a plane by joining the points at which &, has certain 
specified values, their shape is identical in every respect with the electric- 
held pattern discussed above. This can be seen by reversing the positions 
of rand &@,, 1n the expression previously given for &6,; thus 


60L » 
——— 


Om 


F’o(4) 





When &», 1s fixed in this expression, 7 varies in proportion to F’9(6), which 
is the way that &>, varies when 7 1s fixed. It should be observed, how- 
ever, that power-density patterns are not identical in shape with con- 
tours of constant power density, since power density decreases with the 
square of the distance. Contours of fixed power density can be drawn, 
but their shape is the same as that of the contours of fixed Sn, because 
fixing §,m also fixes Sem. 

Another possibility in plotting patterns is to express the values of Sem 
OY $m as a fraction or as a percentage of the largest value of the quantity 
being plotted. Then the pattern has a maximum magnitude of unity or 
100 per cent, and the result is not restricted to any particular radial 
distance. The pattern shows the angular variational features only, 
and these are the same for any radial distance. It should be noted that 
the power-density patterns are a measure of the power radiated per unit 
solid angle in the various directions. 

The directional pattern of a receiving antenna is a plot of the antenna 
output as a function of the direction of approach of a constant-intensity 
held. If output voltage is plotted, patterns analogous to the field- 
intensity patterns of transmitting antennas are obtained; if output power 
is plotted, patterns analogous to power-density patterns are obtained. 
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Absolute patterns showing voltage or power output for unit intensity of 
the incident field may be drawn, or if only directional information 1s 
required, per-unit patterns showing output as a fraction of maximum 
output may be used. 

The over-all pattern of a radar antenna is the product of the trans- 
mitting-antenna pattern and the receiving-antenna pattern. Since m 
most radar units the same antenna is used for transmitting and for receiv- 
ing, the over-all or round-trip pattern per-unit form is the square of the 
individual or one-way pattern. Sinee the square of the per-unit field 
pattern is the per-unit. power-density pattern, the round-trip field pattern 
and the one-way power-density pattern are identical. 

6. Radiation Pattern of an Array of Half-wave Antennas Fed in Phase. 
Thus far this chapter has dealt with only a single half-wave radiating 
element. Radar antennas operating in the ultrahigh-frequency region 
are usually composed of a number of half-wave elements arranged in 
symmetrical geometric manner. For example, several half-wave radia- 
tors may be plaeed parallel to one another with equal spacing between 
their centers, or a curtain type of array may be built up by arranging 
a number of half-wave elements parallel to one another in rows and col- 
umns, with equal spacing between adjacent rows and columns. Some- 
times two curtains are employed, one behind the other. Through proper 
spacing of the elements and phasing of the currents in the elements, a 
directional radiation pattern having a beam angle small compared with 
that of a single-half wave element is obtained. A method of determining 
the radiation pattern of an array of symmetrically arranged half-wave 
antennas is presented in this and the next two articles. 

Assume that several half-wave antennas, all lying in one plane, are 
arranged with their centers along a straight line, as shown in Fig. 154. 
Assume also that the spacing between centers of adjacent antennas is nA 
and that the currents in all the antennas are in phase, have equal mag- 
nitude, and have the same reference direction. The instantaneous 
electric-field intensity in the @ direction contributed at point P by each 
half-wave antenna may be calculated from Eq. 1, p. 908, provided the fre- 
quency and radial distance between cach antenna and point P are known. 
Because the radial distances are slightly different for each antenna, the 
contributions of field at point P made by the antennas are delayed by 
different amounts during propagation. The resultant field in the @ 
direction at P is therefore the sum of several component fields which 
are out of phase with one another. 

The resultant field at P may be determined by constructing a complex- 
number diagram, as shown in Fig. 158. Since all the antenna currents 
are of equal magnitude and are in phase, they may be represented by the 
complex number / = (Im/>/2)@. In Fig. 158, 7 is taken as the refer- 
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(C) RADIATION PATTERN 
FOR n-=172 


y formed by spacing half-wave elements at equal intervals along a 


Ite. 15. Antenna arra 
line through their centers. 


The currents in all elements have equal amplitudes and are in 
phase. 
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ence wave. The complex number os, representing the field laid down at 
P by the current in antenna 3, has a magnitude, from Iq. 4, of 

= Som3 as 607, Ke (0) 

a ny ae () 

a/2 4/27 








According to Eq. 1. &93 lags 7 by the angle 360° (r;A) — 90°. Hence 


Eas _ GGm3 ; (360° —a0° ) (7) 
a/2 
If rd is assumed to be an integer, Ses is delayed an integral number of 
revolutions less 90 dee from J and therefore appears 90 deg ahead of | 
on the diagram of Fig. 15d. 

The radial distance r’ between antenna 2 and point P 1s shghtly greater 
than r. It may be expected, therefore, that the field lad down at 1? 
by the current in antenna 2 lags shghtly the field laid down at, the same 
point by the current in antenna 3. Distance 1” is the hypotenuse of a 
right triangle of which distance b = r + md cos a is the base, and the 
normal distance a from antenna 2 to the base is the altitude; that 1s, 


ol at 


6 ser: (8) 


fP=/eta=b+ 
If point P is remote from the array, as tt must be if only radiation fields 
are of importance, distance b is large compared with a, and 7 may De 
taken with neghgible error as 


a 1 ear: (9) 


The error introduced by such an approximation may be determined by 
noting that, in an alternating serics such as that of Eq. 8, the error intro- 
duced by neglecting all terms beyond any one in the expansion 1s not 
oreater than the first term neglected. Thus the difference between 7’ 
and b is no greater than a2/2b. In order for this difference to be less than 
\ 360. so that error in the measurement of phase of & 2 may be less 
than | deg, b must be greater than 180a?/X. Usually calculations are 
made at such distances from antenna arrays that this condition ts easily 
satisfied. Thus it may be assumed that the radial distance from antenna 
2 to pomt P is given by Hq. 9, and &s 1s therefore 


(= COS a) >| 
= ee — 90) 
€ 


See i Sor : 





Because md cos a is usually very small compared with 7, the quantity nA 
may be neglected in a calculation of |&2|, and hence 


Som3 


\/2 





Geo] = |&o3| = 
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Thus the complex number &92, representing the electric field laid down at 
P by the current in antenna 2, is 


Come i( 36022 4.350% COS a “noe ) (10) 
/) 
V2 





90 = 


Comparison of qs. 7 and 10 shows that 6&4 lags &3 by the angle 
360°n cos a, as Indicated in Fig. 15B. 

The radial distance between antenna | and point P, in accordance with 
the approximation made above, is r + 2n\ cosa. If 2nd cos a@ is neg- 
lected in the calculation of magnitude, 6, the complex number standing 
for the field laid down at P by antenna 1, is 


= S6m3 ~j( 360° +360°2n cos a—90° ) 
G61 ae ee x 
\/2 
Thus 6&4; lays & 3; by the angle 2(360°n cos a) and & » by the angle 
360°n cos a. 
In a similar manner it may be shown that & 4 and &); have magnitudes 
equal to the magnitude of 43, that 64 leads & 3 by the angle 360°n cos a, 
and that &s4 leads &; also by an 
= : equal angle. ‘Thus the complex- 
| number diagram for the electric 
field m the @ direction takes the 
form shownin Fig. 15B. Observe 
that all complex numbers have 
equal magnitudes and that all are 
displaced in phase by the angle 
360°n cos a because of the differ- 
ence in radial distances between 
pont P and the component 
elements of the array. 
ee The resultant field at P is the 
ct complex-number sum of all the 
component fields contributed at P 
by the various elements of the 
array. This summation is performed graphically m Fig. 16. Each 
complex-number magnitude 6on3, 1/2 constitutes a chord of a circle, 
and 60m3/+/2 is related to the circle radius 7 and the angle subtended by 
the chord in the following manner: 
¥. 


aR Or sin — ' (115) 





360°n cos a 


Fic. 16. Graphical addition of complex 
numbers represented in Tig. 158. 
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The magnitude of the resultant complex number &% is also a chord of the 
same cirele and has a magnitude 


cs es (22° 
Se  - B( S00 GOS" a 
——— = sin >| *) (12) 
‘) +) 
Ve i 
Pie itone Based) gna, 
sin 5( 180° cos a) . 
& Orr a & Gon 3 ( 13) 


sin LSO°n eos a 


that is, the peak value of the resultant field at point P ts equal lo the peak 
valuc of the field contributed by one antenna mulltplicd by a sine-over-sine 
factor. 

The phase of the resultant field may be determined directly from Fig. 
15B. If the separation angles between adjacent complex numbers ts 
not larger than 360°. 5, Se is in phase with & 3. If the separation angle 
exceeds 360°,5 and does not exceed 2 X 360°/5, &@ Is Opposite In phase 
to Ses. Values of a which made the resultant field opposite to &@3 also 
make the numerical value of the sine-over-sine factor m [éq. 13 negative. 
Thus it may be stated that the phase of the resultant field is the 
same as the phase of the contribution made by a single antenna located at 
the center of the group when the sine-over-sine factor is positive and 
opposite phase when the sine-over-sine factor is negative. 

Equation 13 may be used to plot the radiation pattern from the five- 
element array of Fig. 154 mn the xz plane. Values of a are assumed, and 
the corresponding ratios of Sem/8emn3 are calculated. The result 1s shown 
in Fig. 15C for a half-wave spacing of the elements (n = 14). Observe 
that the pattern contains a number of minor lobes in addition to two 
main lobes and that the beam angele of the main lobes is much smaller 
than the beam angle of a single half-wave element. The narrow beam 
angle and the side lobes are the result of the out-of-phase relation that 
exists among the component fields laid down at various points in the xz 
plane at fixed distances from the center of the array. The plus signs 
within the lobes signify that within the region covered by the lobes the 
resultant field is in phase with the field laid down by the element at the 
center of the array; the minus signs indicate a 180-deg phase relation 
between resultant field and the component field contributed by the center 
element of the array. 

Equation 13, which relates the magnitude of the resultant field from a 
line of five elements to the magnitude of the field contributed by a single 
element, may be generalized to include a line of N elements equally spaced 
a distance nd. For a line of N equally spaced elements fed in phase, 
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the peak value of the resultant electric-field intensity Sm at a point remote 
from the array becomes 


sin V(180°n cos a) 


sin (180°n cos a) (14) 


Sam = Gomi 
Where m1 is the peak value of the field in the @ direction contributed by 
any one element. The validity of this relation may be demonstrated by 
extending the graphical addition in Fig. 16 to include N equally spaced 
elements. For convenience, the sine-over-sine factor in Eq. 14 may be 
expressed in the following manner: 


Sam sin NV (180°, cos a) 
—_ = Nn SS SS i 
“Spe (a) sin (180°n cos a) (19) 


where the factor F"(q) signifies the sine-over-sine factor for a line of 
half-wave antennas spaced n wavelengths apart for various values of the 
angle a, which is the angle included between a radial line from the center 
of the group and a line through their centers. The F factors given by Eq. 
15 have particular importance in that they characterize the radiation 
patterns of multiple-element arrays fed in phase. They specify the man- 
ner in which the radiation pattern of «a single half-wave element is modi- 
fied because of the presence of additional elements. 

Properties of the F factors are most easily explained by considering 
Fig. 17, which shows a selection of them plotted in polar coordinates. The 
factors are not plotted to the same scale, but adjustment in scale is easily 
comprehended by observing that the lobes at right angles to the line 
where @ is zero have a peak magnitude of N. In this direction all radia- 
tions travel the same distance, so that they arrivein phase because they 
started in phase; hence the resultant must be V times the contribution 
from a single source. It is important to note that the factors are identical 
on either side of the line where a is zero. This means that angles can be 
measured from either side of the line of centers. Likewise it will be 
observed that the factors are symmetrical about a line perpendicular to 
the line where @ is zero. The angle a can therefore be measured from 
either end of the line of centers. Because of this symmetry it 1s unneces- 
sary to tabulate F factors over more than a 90-deg range of angles. 

From Fig. 17 two trends may be observed. The first trend is that the 
main lobes, which occur where a is 90 or 270 deg, are sharpened either by 
increasing the number N of elements or by increasing the spacing n 
between elements. That is, the sharpness of these lobes is principally 
dependent on the total length of ¢he line of radiators, which is n(N — 1), 
This fact can be seen by comparing’ the sharpness of the main lobes of 
F248 and P44; 728 F4% and F84- F434 and F384. The second trend is that 
the number of minor lobes increases as the sharpness of the main lobes 
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mereases. However, the magnitude of the largest minor lobe, if expressed 
as a percentage of the main lobe, 1s roughly independent. of the sharpness 
of the main lobe. ‘This, however, is true only for spacings somewhat 
below one wavelength. When the spaeming is made equal to one wave- 
length, the value of the factor 1s as great at a = 0 as at a = 90 deg. 
Spacings are kept below three-fourths wavelength to avoid this end-fire 
effect. The end-fire effeet in the lower row of diagrams im Tig. 17 oecurs 
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Fic.17. Polar plots of F factors for two, four, or eight sources excited in phase and spaced 
A\/4, X/2, or X. 


beeause one cycle of radiation from a given antenna, when delayed a cycle 
due to one wavelength of extra distance traveled along the line of the 
array, arrives in phase with the next cycle of radiation from the next 
antenna, and so on. 

7. Radiation Pattern of an Array of Half-wave Antennas Fed out of 
Phase. Consider now the same group of antennas shown in Fig. 15, and 
assume that the currents in all elements are of equal magnitude but that 
the current in antenna | leads the current in antenna 2 by p cycles, the 
current in antenna 2 leads the current in antenna 3 by p cycles, and so on. 
The angle of phase difference between currents in adjacent elements 1s 
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(B) COMPLEX-NUMBER DIAGRAM 





(C) XZ-PLANE RADIATION 
PATTERN FOR 1721/4 


AND n:1/2 
lic. 18. Complex-nuinber diagram and radiation pattern of antenna array of Fig. 16 for 


the conditions n = 14 and p = \%. 
therefore 360p deg. The arrangement of elements is shown in Fig. 184, 
and the complex-number diagram representing the component electric 
fields in the @ direction laid down by the array at point P in the az plane is 
viven m big. 186. This diagram is constructed in accordance with the 
principles presented in the preceding article, the angle of phase difference 
between currents in adjacent elements being taken into account. 

In lig. 186 the current in antenna 3 is taken as the reference wave, 
and distance r between P and the center of the array is assumed to be an 
integral number of wavelengths. Thus &9 lags J; bv a whole number of 
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revolutions less 90 deg and appears in Tig. 18B 90 deg ahead of J3. 
Similarly, &2 lags J: by a whole number of revolutions less 


90° — 360°n cos a 


Beeause I» leads [3 by the angle 360°p, S92 and & 3 are displaced in phase 
by the angle 360°” — 360°n cosa. It 1s assumed in Fig. 186 that angle 
360°p is large enough so that & leads 3, as shown in the diagram. By 
similar reasoning it may be shown that the remaining complex numbers 
Ser, Ses, and Ss, are positioned as shown in Fig. 183, the angle of phase 
difference between adjacent. complex numbers being 


360°p — 360°n cos a 


When the component fields at P are summed, the peak value of the 
resultant field is given by Eq. 13 with the angle 180°n cos a replaced by 
180°” — 180°n cos a: that is, 
i sin HC80°%p — 180°n cos a) (16) 
sin (180°p — 180°n cos a) 

The radiation pattern in the xz plane for the five-clement array of Wig. 
184 is drawn in Fig. 18C for a one-half-wavelength spacing between 
elements and a phasing of one-quarter cycle between adjacent elements. 
Thus the pattern is a plot of 
sin 5(45° — 90° cos a) 


& nm & Te) 1 ES Ss eo. ee eo en ae 
; m3 “sin (45° — 90° cos a) 


Observe that the rz-plane pattern is symmetrical about the line of cen- 
ters, as in Fig. 16C, but is unsymmetrical about a line perpendicular to 
the line of centers. Because of the dissymmetry, angle a must be 
measured from the lagging end of the line of centers, and values must 
be computed through a 180-deg range of a. Because of the symmetry 
about the line of centers, a may be measured in either a clockwise or 
counterclockwise direction. 

Equation 16 can be generalized to include the case of a line of N anten- 
nas spaced a distance nA apart with a phasing of p cycles between adjacent 
elements. The peak value of the resultant field intensity 1s then 


sin N(180°p — 180° cos a) 


Eom = Gomi = (180° p — 180°n cos a) (7) 


In Eq. 17, Semi is the peak value of the electric field laid down at a point 
by any one of the antennas, N is the number of half-wave antennas in 
line, n is the spacing in wavelengths, p is the phasing between adjacent 
currents in cycles, and a is the angle between a radial line from the 
center of the group and a line through the centers measured from the 


a 


922 ANTENNAS (Cuar. XIII 


lagging end. Often the sine-over-sine factor in Eq. 17 is expressed in 
terms of a G factor in the following manner: 





Sem . sin N(180°p — 180°n cos a) 
— Nn 2 18 
Semi os pe Gd sin (180°p — 180°n cos a) us 


The G factors characterize the radiation patterns of a line of half-wave 
elements fed out of phase and therefore perform the same function as the 
I’ factors (Art. 6), which specify the radiation patterns when the elements 
arefedin phase. TheG factors specify the manner 1n which the radiation 
pattern of a single half-wave element 1s modified because of the presence 
of additional elements and because of a difference in phase between cur- 
rents 1n adjacent elements. 

The G factors apply to any number of half-wave elements, whether 
even or odd. Hf the number of antennas is even, so that an antenna is 
not actually located at the center of the group, the phase of the resultant 
field is determined by considering a fictitious radiator to be placed at 
the center, its current being midway in phase between the currents on 
either side. A positive-valued G factor indicates that the resultant field 
is In phase with the field laid down by the current in the fictitious radiator; 
a negative G factor indicates opposite phase. 

The effects on the G factors of changing the spacing of the antenna ele- 
ments and of changing their phasing are illustrated by the polar plots of 
Fig. 19. These diagrams apply to two half-wave radiating elements 
spaced A/4, 4/2, A, and 3\/2 apart and fed out of phase by an amount 0. 
l6, 26, 26, 46, 26, and 1 cycle. The effect of changing the spacing can 
best be seen by observing diagrams in the left-hand column. Here p is 
zero, so that the factors are really F factors. When n = 0, the plot is a 
circle of radius 2. This plot is not shown. When n is increased to 14, 
the plot has a magnitude of 2 at 90 and 270 deg and a magnitude of 1.41 
at 0 and 180 deg. The effect of increasing n, then, is to narrow the figure 
at the line of centers. Further increase of n toward 4% is accompanied 
by an increased amount of narrowing until at n = 1,5 the figure is divided. 
[f nis still further increased, small lobes appear at a = 0 and a = 180 
deg. ‘These become full grown when n = 1 and then begin to divide as n 
goes beyond 1. Complete division is achieved when n = 34. Every 
additional wavelength increase in spacing is accompanied by the growth 
of lobes during the first half of the increase and by the division of these 
during the latter half. This means that at spacings of 14, 34, 54 wave- 
lengths there will be 1, 3, 5, and so on, complete lobes in the range from 
a =Otoa = 180 deg. \ 

If, now, n is fixed at some value, say 34, and p is varied, the factors 
behave in a simple way. When >p is zero, the pattern has three distinct 
lobes on each side of the line of centers. When p is increased, all these 
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lobes begin to migrate toward the lagging end of the line of centers 
(a = 0), and a small one begins to appear at a = 180 deg. The 
migration of the two lobes at the right causes them to coalesce, as indi- 
cated. The figures for p = %, p = 26, and p = 36 cycle show this 
effect in varying degrees. But at p = 36 the small lobe is full grown 
and the coalescing lobes appear as a single lobe. Further increase of 
p beyond 36 is accompanied by a gradual drvision of the full-grown lobe 
and the vanishing of the coalesced lobes—a process which is complete 
when p = 8. The plots when p = 0 and p = 9% are identical in shape, 
but the identity of the lobes has changed. Every lobe has advanced to 
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(A) PICTORIAL REPRESENTATION (8) PATTERNS 


Fre. 20. Radiation patterns, in the three principal planes, of four half-wave antennas fed 
in phase. 


the next position nearer the lagging end of the line of centers. This turn- 
ing of the lobes by changing /— is an important property of the G factors. 

8. Examples of the Use of Factors in Obtaining Antenna Patterns. 
Several examples illustrating the use of / factors for obtaining antenna 
patterns are given in this article. 

Patterns from a Row of Half-wave Antennas. Assume that four half- 
Wave antennas are arranged in the xy plane with centers uniformly 
spaced at intervals of \,2 along the x axis, as indicated in Fig. 20A. 
Hach carries current of magnitude J,, with a reference direction along the 
positive y axis, and all currents are in phase. Patterns are required in 
the three principal planes—the vz plane, the yz plane, and the zy plane. 
For such an array the four necessary conditions for using factors are 
satished. Contributions from individual antennas are of equal magni- 
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Fic. 21. Space diagrams, pattern equations, and sketches of patterns for antennas of 


Fig. 20. 
tude, the 6 directions are identical, the spacing 1s uniform along a straight 
line, and the phasing is uniform. 

The pattern in the xz plane is obtained most easily by consideration of 
Fig. 21A. In this plane the contribution of electric field from any one 
half-wave antenna at point P is (60/,,/r)/'o(90°), and the contribution 
from all four is /'*”*(q@) times as large. Thus the resultant field at point 
P is given by the pattern equation 


— 60D n 


; F)(90°)F4(a@) = constant K F4)*(a) 
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The pattern therefore has the shape of the F4”* factor, as indicated in 
Iie. 21A. Data for plotting this factor are obtained through the use 
of Eq. 15. Observe that each antenna by itself shows no directivity in 
the xz plane but that the four together show a very considerable amount 
of directivity. All the directivity is the result of the interference of the 
individual radiations; that is, the phase angles of the component fields at 
some points are proper for the effective addition of the fields, whereas at 
other points either partial or complete cancellation results. 

The pattern in the yz plane can be obtained from Fig. 2156. Here 
the line of centers is perpendicular to the page and therfore makes a 
90-deg angle with a radial line to point P, which necessarily hes in the 
plane of the page. The contribution from a single antenna is given by 
(60/,,/r)Fo(@), and the contribution from the group is F47°(90°) times as 
large. The resultant held at point P is therefore 


— m 





oe F)(@)F*4(90°) = constant K F (6) 

Thus the directivity comes entirely from the inherent directivity of the 
individual half-wave antennas, and the yz-plane pattern has the form 
inciecated in Fig. 218. 

Finally, the pattern in the vy ae can be found by considering Fig. 
21C. The contribution from a single antenna is (60/,,/r)F'o(@), and the 
contribution from the group is F4(a@) times as large. The resultant 
field 1s, accordingly, 


Sam — a I" (O)F*A( a) 


The pattern here is different from those in the other two principal planes 
in that both the directivity of the individual antennas and the inter- 
ference between their contributions are involved. The factor F'**(a) has 
its maximum value along the y axis, whereas the /’o(@) function has its 
maximum value along the # axis. The product is zero along both the x 
and the y axes but has small values at intermediate positions. 

An inspection of patterns for the three principal planes shows that the 
direction of principal radiation is along the z axis—a direction perpendicu- 
lar to the plane containing the antennas. This is spoken of as broadside 
radiation. If the three patterns so far considered are placed together on 
a single diagram, an estimate of the three-dimensional pattern may be 
obtained. Figure 20B shows the three patterns as they appear in the 
first quadrant of each of the principal planes. From this figure, the three- 
dimensional pattern would be expected to consist of a main lobe directed 
along the z axis together with several minor lobes. The main lobe is 
much broader vertically than horizontally. A cross section taken parallel 
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to the xy plane would have an elliptical shape, the major axis being 
vertical or parallel to the y axis. 

At points in the three principal planes where the /""”* factor is positive, 
the phase of the resultant field is the same as it would be if the entire 
radiation had originated at a single point at the center of the group, 
which is the origin of coordinates in the present example. Tor points 
where the 4% factor is negative, the phase is opposite to the above. — It 
should be noted that, in plotting patterns, the negative signs should be 
ignored, because patterns represent magnitude only and the negative 
sign refers to phase. 

Simple Curtain of Half-wave Antennas. Another example of the use 
of multiple factors arises when several rows of antennas are arranged in a 
plane to form a vertical curtain, as indicated in Fig. 22. Here it 1s 
assumed that 12 identieal half-wave antennas he in the xy plane with 
spacings, measured from center to center, of 4/2 mn both the x and the y 
direction. Each antenna carries a current of magnitude /,, with a refer- 
ence direction along the positive x axis. All the currents are assumed 
to be in phase. In the present example the antennas he horizontally 
in contrast to the preceding example where they are arranged vertically. 
The line of centers for the elements in a row is along the x direction, 
whereas the line of centers for the rows is along the y axis. 

The equation of the pattern in the yz plane can be found by considering 
the curtain to consist of three identical rows. The contribution from 
each clement in 2 row of four antennas is (60/,,/7r)F'o(@), and the con- 
tribution from all four clements in a row 1s 


set F'o(0)F 4a) 
where angle a; = @ is the angle between a line through the centers of 
the clements in the row and a radial line from the center of the row and 
point P. These contributions from each of the three rows appear to 
come from the centers of the rows, which are points located along the y 
axis at —d/2,0, and /2. The angle between the y axis and a radial line 
from the center of the array to point P? is ax. Hence the rows may be 
added by multiplying the contribution from one row by a factor F372 (a2) 
to obtain 

oes 


r 





F’ (8) F422(aey) 34 (a2) 


8m 


A plot of the zy-plane pattern is given in Fig. 22A. The same result 
could have been obtained by considering the array as made up of four 
columns of three antennas each. 
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(C) YZ PLANE 
Fig. 22. Space diagrams, pattern equations, and sketches of patterns of a single curtain of 
antennas, each carrying an rms current Im/\/2, all currents being in phase. 





Ihe equations of the patterns in the other principal planes are obtained 
ina similar manner. For the xz plane the contribution from a row is 


Ole 
r 





Fy (6) F'4?*(6@) 


and the contribution from all three rows is 





Som = a F’(0) F 44 (@)F 34(90°) 


This result appears to originate at the center of the middle row. The 
xz-plane plot is shown in Fig, 22B. Likewise, for the yz plane the con- 
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ro 


tribution from a row Is 


() 
(( - m I 9(90°) F’442(90°) 


and the eontribution for three rows 1s 


Sam = OA 1'6(90°) F##(90°) F82(e) 


, 





The apparent source of this radiation is at the center of the middle row. 
The plot is shown in Fig. 22C. 

An examination of the patterns for the three planes shows (1) that 
the width of the array controls the shape of the pattern in the xz plane, 
(2) that the height of the array controls the shape of the pattern in the 
yz plane, (3) that the line of principal radiation is along the z axis or 
broadside to the array, and (4) that relatively small minor lobes exist 
in tlie ay plane. 

9. Elimination of Back Radiation from Broadside Arrays. It may be 
noted from the examples in the preceding article that a single curtain of 
half-wave antennas gives broadside radiation in equal amounts on 
the two sides of the curtain. This feature of having two opposite 
directions of principal radiation 1s undesirable in radar. One of the 
two main lobes may be eliminated either by adding a second curtain of 
antennas behind the first or by placing a conducting screen approxi- 
mately a quarter wave behind the original curtain. This conducting 
screen could be a solid sheet of metal, but more often it consists of a 
screen or grid structure, as indicated in Fig. 23. The screen in Fig. 
293.4 allows the antennas to be placed either vertically or horizontally, 
whereas the screens in Figs. 23B and C are effective only if the antennas 
are parallel to the grid wires. In Fig. 23C the grid wires are spaced so 
that the angles subtended by adjacent grid wires are equal. ‘The most 
economical use of material is thus achieved. 

Reflecting screens are usually preferable to the two-curtain method 
of eliminating back radiation. Screens are not critical either as to 
size or as to spacing from the driven curtain, and they give excellent 
results if the screen is made only a little larger than the driven curtain. 

The presence of a screen behind a broadside curtain has two effects: 
It essentially eliminates back radiation by reflection, and 1t sharpens the 
forward pattern. The effect, on the forward pattern can be rather 
accurately determined by use of the principal of images. Figure 24 
shows that a real antenna in the presence of a reflecting screen sends 
radiation to an arbitrary point P along two paths—one direct and one 
reflected from the screen. The problem of combining the fields at P 
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(C) UNEQUALLY SPACED PARALLEL—WIRE SCREEN 
lig. 23. Examples of screen reflectors. 


due to waves on the two paths reduces to a consideration of the phase 
of arrival because of the difference in the lengths of the paths. A con- 
sideration of the geometry shows\that the path length of the reflected 
ray 1s always the same as though this ray had onigmated at an image 
antenna located as far behind the screen as the real antenna is in front 
of the screen. Furthermore, there is a reversal in phase, upon reflec- 
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tion from the sereen, which introduces an additional 180-deg delay in 
the reflected ray. ‘This latter effect) can be simulated by considering 
image and real antennas to be fed 180 deg out of phase. Then, as far 
as the forward radiation is concerned, the effeet of the real antenna 
with its sereen reflector is exactly represented by the real antenna and an 
image antenna which is excited to the same extent m exactly opposite 
phase and which is located as far behind the sereen as the real antenna 
is in front of it. Ht should be noted that the image configuration is not 


QR IMAGE ANTENNA 
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REFLECTEO RAY 
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Fig. 24. Real antenna and image antenna which give the same pattern im the forward 
direction as the real antenna and the reflecting surface. 


to be used in obtaining the backward radiation, which 1s assumed to be 
Zero. 

On the assumption that a screen is located \/4+ from a broadside cur- 
tain, the image curtain is \/2 from the real curtain and 180 deg out of 
phase with it. The two curtains can then be added by introducing the 
factor Gis?? into the pattern equation, with the reservation that this 
result 1s correct only for the forward pattern. If the screen is 3A/16 
behind the broadside curtain, the factor is Gi4°%, and so on. 

In order to illustrate the effect of a reflecting screen on the radiation 
pattern of a broadside array, again consider the array of Fig. 22, and 
assume that a screen is located a quarter wavelength behind the ele- 
ments. The array and image elements are illustrated in Fig. 25. The 
pattern equations are the same as those of Fig. 22, except that each 
equation is multiplied by a Gy?” factor to take into account the cffect 
of the image curtain. 

In the xy plane, the angle between a racial line from the center of the 
array to point P and a line through the centers of front and rear curtamn 
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Kia. 25. Space diagrams and radiation patterns of a single curtain of antennas backed by a 
reflecting screen. All elements carry equa currents, and all elements are excited in phase. 
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is 90 deg. Thus the @ factor for the xy- -plane pattern is Gy22(90°), 
and the ry-plane pattern is given by 


55 , ; o 
Som = ——" Fg (0)F 2a) F8* (ag)Gy42"2(90°) (19) 


Sinee the value of Gis2£(90°) is zero (see Fig. 19), no radiation takes 
place in the xy plane. This is to be expeeted, sinee the field at any 
point m this plane is the result of two component fields of equal amplitude 
and 180 deg out of phase, one component. ficld being laid down by the 
real curtain, the other by the image curtain. In the xz plane, the G 





Fie. 26. A broadside array of NV identical sources spaced n wavelengths apart. 


factor 1s Giy*"*(a1): thus the vz-plane pattern is expressed as 


Sem = = oO) 28) P32 (90° )Gi4?42 (a1) (20) 
For the yz plane 
Ole. oe aes 
Sem = ; *9(90°) F342 (ay) P42 (90°) G14222 (ae) (21) 


the patterns represented by Eqs. 20 and 21 are plotted in Figs. 25B and 
C. Observe that no radiation is indicated behind the screen. Calcu- 
lation of the beam angles of the patterns in Figs. 25 and 22 shows that 
the presence of the reflecting screen sharpens the main lobe in the for- 
ward direction of radiation. The amplitudes of the minor lobes are 
also reduced, and radiation in the ay plane is completely eliminated. 

10. Approximate Method of Determining the Beam Angle of a Broad- 
side Array. The beam angle of an antenna array may be determined 
from the radiation pattern obtained through use of the proper antenna 
factors. Because actual computation of the pattern is sometimes labo- 
rious, a general expression for the beam angle is often useful. To develop 
such an expression, first consider N identical sources, each spaced n 
wavelengths apart and excited in phase (sce Fig. 26). 

From Eq. 14, p. 918, the elcctric-field intensity of the array in the 
plane of the page is 
sin (N 180°n cos a) 


“sin (180° cos a) (22) 


Sem = 6§m1 
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where &4m1 18 the contribution of one antenna. In terms of the comple- 
mentary angle B, Eq. 22 becomes, when 180 deg is replaced by z in order 
to change degrees into radians, 
sin (Nan sin 

8) sad 


Sm = & 
ue ™) “sin (an sin B) 


The maximum value of &, occurs when 8 = 0 and Is 


Sie as Sami x N (24) 
Dividing Eq. 23 by Eq. 24 vields the per-unit: field intensity 


& 61m oH sin (Nin sin 6B) (25) 


& ~ N sin (an sin B) 


Om max 


The value of 6B for which 89,/S¢nmax = 0.707 corresponds to one-half the 
beam angle. If this value of 8 is so small that mn sin 6 1s itself a small 
angle, then sin (rm sin B) may be replaced by (rn sin B), as the sine of a 
small angle very nearly equals the angle in radians. Equation 25 then 
becomes 

Som sin (Nin sin 8) _ sin x (26) 
epee Nrn sin B u 





where 
ec = Narn sin B 


The quantity (sin 7)/# has a value of 0.707 when = 1.39 radians, which 
corresponds to sin 6 = 0.443/Nn. If the angle 6 in radians is taken as 
approximately equal to its sine, 


0.443 
ae Nn 


radians 


The beam angle, which ts 28, 1s therefore given in degrees by 


Beam angle ~ 2 X — xX 01.8 = 4 deg 7) 
The quantity Nn is the number of sources times the spacing of sources in 
wavelengths, which is the width of the array in wavelengths. Therefore, 
liq. 27 states that the beam angle in degrees is approximately equal to 51 
divided by the width of the array (in wavelengths) in the plane being 
considered. ‘This approximation is useful provided Nn is greater than 2, 
that 1s, provided the beam angle is less than 25 deg. 
11. Antenna Connections for Broadside Arrays. In the preceding 
articles the currents in the various half-wave antennas forming an array 
are assumed to be of equal magnitude and to bear a definite phase relation 
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to one another. ‘The antennas may be fed in phase by making connec- 
tions of the type indicated in Fig. 27, 

The operation may be most readily explamed in terms of the voltage at 
the input ends of the clements. The equal-phase, equal-magnitude- 
current requirement, when converted to voltage, means that the poten- 
tials at the left ends of all antennas should rise and fall together in equal 
amounts while the potentials at the right ends of all antennas fall and rise 
In the same amounts. Then a single pair of antennas connected as in 
big. 274 will be fed in phase, because the transmisston line makes the 
right end of the left antenna positive at the same time and in the same 
amount that mt makes the left end of the mght antenna negative, and vice 


+4 3-4 








ae 


Bae 
2 


rl > 
a 
—+- 








x 
2 
“Lin put ie 
TRANSMISSION 
LINE AUXILIARY TRANSMISSION 
—— INPUT LINE 
TRANSMISSION 7 
IN 
(A) TWO 0/2 ELEMENTS LINE INPUT TRANSMISSION LINE 
(8B) CURTAIN OF SIX (C) CURTAIN OF NINE 
1/2 ELEMENTS 172 MELEMENTs 


Pig. 27. Connections for end-feeding antennas with in-phase currents of equal magnitude. 


versa. This voltage condition is appropriate for equal-phase, equal- 
magnitude currents. 

More than one pair of antennas can be excited in the same manner by 
connecting the pairs at intervals of 4/2 along a transmission line, with 
reversed connections, as indicated in Fig. 27B. At intervals of \/2 along 
the transmission line the voltage has opposite phases, whether the line has 
zero, partial, or complete standing waves along it. Also, the voltage 
magnitude is exactly the same at these intervals, provided the line is 
lossless and the loads are either concentrated at the end or distributed at 
positions which are an integral number of half-wavelengths from the end. 
However, with loads distributed at half-wavelength intervals, the stand- 
ing-wave ratio in each half-wave section of Ime is different; so 1t 1s only 
the voltages at the load points that are identical from section to section. 

Figure 27C indicates that the antennas do not necessarily have to be 
grouped in pairs, although such grouping has certain advantages. <A 
second transmission line can be driven by properly connecting it to the 
antennas which are excited from the main transmission lHne. This 
second line can in turn be used to excite additional antennas as shown. 
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An examination of connections will indicate that the voltage require- 
ments for equal-phase, equal-magnitude currents in all antennas are met. 

One feature of Figs. 27A and B that deserves special comment is that 
standing waves of appreciable amplitude may exist on the transmission 
line within the antenna array. The various half-wave sections of line 
can, in fact, be regarded as pairs of half-wave antennas which are excited 
to various degrees. These radiate just the same as do the other antennas 
in the array, but because they occur in pairs which are close together and 
which are excited to the same extent and in exactly opposite phases, their 
effect on the pattern 1s small. 

Although the common method of exciting broadside antenna arrays 1n 
radar is to use voltage-fed elements, other excitation systems are also 
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Fic. 28. Two groups of antennas, both groups having equal-phase, equal-muagnitude 
currents, but excited out of phase. 


use. Current-fed elements, for example, are used, but their low input 
impedance prevents them from being well suited to arrays having many 
elements unless special impedance-adjusting arrangements are intro- 
duced. The method of feeding a number of current-fed elements 1s to 
arrange them at intervals of \/2 along a transmission line, with reversed 
connections at alternate elements as with the voltage-fed system. But 
it is not possible with the current-fed system to excite auxiliary transmis- 
sion lines as in Fig. 27C. 

An arrangement for exciting two groups of antennas a fixed amount 
out of phase is indicated in Fig. 28. ‘The six antennas in the left group 
are all excited in one phase with equal-current magnitudes, and the six 
antennas in the right group are all excited in another phase with the same 
current magnitudes. This phasing 1s accomplished by matching the 
input impedance of the groups te the line at points A and B so that no 
standing waves exist along the line from to B. Also, a match is made 
at point C by making the characteristic impedance of the input line half 
that of the line Joining A and 6. Under these circumstances the voltage 
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everywhere from the input terminals up to points A and B has the same 
magnitude, but there is a progressive delay in phase. ITence the input 
voltage to both groups of antennas has the same magnitude (and there- 
fore the currents throughout the groups have the same magnitude), but. 
the phase of the voltage at. b lags that at A by the mumber of degrees that 
line length CB exceeds line length CA. 

12. Parasitic Antennas. Some uhf radar-antenna systems employ 
parasitic antennas as a means of obtaining directivity and eliminating 
back radiation. A parasitic antenna 1s a half-wave antenna which 1s 
placed near a similar driven antenna and excited by the field laid down 
by the driven antenna. The arrangement is shown in Tig, 29. 
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Fre. 29. Driven antenna with parasite. 


If a time-varying current flows in the driven antenna, a time-varying 
voltage 1s induced in the parasite. The induced voltage is partly due to 
the induction field set up by the driven-antenna current and partly due 
to the radiation field. The phase of the induced voltage with respect to 
the driven-antenna current depends upon the spacing of the elements. 

The voltage induced in the parasite may be considered to be equivalent 
to a voltage source acting in series with the parasite. The magnitude and 
phase angle of a complex number FL, = |E,\e* representing such a series- 
voltage source are given in Fig. 30 for a unit current at the center of the 
driven antenna and for various distances d between the antennas. ‘The 
reference direction for EF, is chosen so that, if the parasite current J, 1s 
assigned the same reference direction as /g (see Fig. 29), then J, = EH,/Z>», 
where Z, is the self-impedance of the parasite. For example, Fig. 30 
shows that if the spacing is approximately 0.15 wavelength, /, 1s 180 deg 
out of phase with Jz. Thus with a 0.15-wavelength spacing and a reso- 
nant-length parasite, the two antennas are excited in opposite phase. 
The data plotted in Fig. 30 are correct for very slender antennas and are 
approximately correct for thick antennas. 

The complex impedance Z, = |Z,|e at the center of the parasite, to 
which £, 1s applied, depends on the length and diameter of the parasite. 
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For infinitely slender antennas this impedance is a resistance of 73.2 ohms 
in series with a reactance which depends on the antenna length. When 
EH, and Z, are known, the parasitic-antenna current 7, = E,/Z, may be 
calculated, and from knowledge of J, and /, the radiation pattern may be 
determined by the method given in Art. 7. 
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at the center of a parasitic antenna, per-unit current in driven antenna. 


The patterns obtainable in the magnetic (vz) plane with a single 
parasitic antenna and driven antenna are shown in Fig. 31 for several 
antenna spacings and values of @, corresponding to several lengths of 
parasite. These patterns are based upon the assumption that the power 
input to the driven antenna is egnstant for each condition. With each 
pattern is given the resistive component of the input impedance at the 
center of the driven antenna. When the parasite is placed near the driven 
antenna, the input impedance of the driven antenna is changed, because 
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the current in the parasite causes a voltage to be induced in the driven 
antenna. ‘The input resistance is usually lowered by the parasite. 

Some of the patterns of Fig. 31 have their maximum on the same side of 
the driven element as the parasite. These are called director patterns 
because the parasite seems to be pulling the pattern toward itself. Other 
patterns have a maximum on the opposite side from the parasite. These 
are called reflector patterns because the parasite seems to be pushing the 
pattern toward the driven antenna. Good director patterns are to be 
found where the spacing is 0.1\ and the parasite is shorter than a resonant 
length, making 8, about —20 deg. Good reflector patterns occur when 
the spacing is more nearly 0.24 and the parasite 1s longer than a resonant 
length. Note that it can always be determined whether the parasite acts 
as a director or as a reflector by remembering that the pattern is pulled 
toward the element carrying the lagging current. 

In order to illustrate the method of determining parasitic-antenna cur- 
rent, let a driven antenna of resonant length be spaced 0.1 from a para- 
sitic antenna which is shorter than a resonant length by that amount 
which makes its impedance angle 6, = —20°, and assume the driven- 
antenna current to be represented by the complex number J/g = 22°. 
From Fig. 30, the voltage induced in the parasite by a driven-antenna cur- 
rent of unit magnitude has a magnitude of 69.5 volts and lags the driven- 
antenna current by 166 deg. Hence the complex number #, standing for 
the voltage induced in the parasite is 
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The complex number representing an impedance with a resistive compo- 
nent of 73.2 ohms and an impedance angle of —20 deg is Zp, = 77.7€7*°. 
The parasite current 1s therefore 
I, = 52 = VC = 179040 
Lon i. oe 

That is, a current of 2 amp at the center of the driven antenna causes a 
current of 1.79 amp to flow m the parasite, and this current lags the 
driven-antenna current by 146 deg. The corresponding radiation pat- 
tern in the xz plane 1s the seventh diagram from the left in the top row of 
Fie. 31. The pattern for the yz plane is the xz-plane pattern multiplied 
by the /’9(@) factor. 

An increase in directivity and a decrease in back radiation may be 
obtained by placing parasitic ¥ntennas on both sides of the driven 
antenna. ‘Through proper spacing. of the elements, one set of parasites 
can be made to serve as directors to push on the driven-antenna pattern 
while the other set. serves as reflectors to push against the pattern. An 
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example of such an array, called a Yagi antenna, is given in F Yor. 
Usually only one refleetor is used, beeause the field behind a reflector 
is so small that additional refleetors have but little effeet. In radar 
between one and five directors are used. These antennas eive patterns 
having beam angles down to about 40 dee with little back radiation. 
Smaller beam angles can be obtained through the use of more directors. 

The spacings between elements na Yagi antenna are not uniform. 
The object ts to have the phase angele between the currents in adjacent 
elements equal to the clectrieal distanee between the elements. Then 
components of radiation from the various elements arrive in phase along 
the forward direction but arrive out of phase in various amounts in the 
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Fie. 32. Yagi antenna with three direetors and one reflector. 


other directions. Proper spacings and lengths are determined experi- 
mentally. Calculations are not profitable with more than two or three 
elements because the array of dipoles has to be treated as a multielement 
coupled circuit, each element being coupled to all others. 

The parasitic elements of the Yagi antenna are usually welded to a 
conducting rod or tube at their centers, as indicated in Fig. 32. A con- 
ducting support of this kind does not interfere with the operation of the 
antenna. ‘The driven element, because it has to be fed at the center, 
cannot be welded to the conducting support. 

The input impedances of any Yagi antennas are below the 50 or 60 
ohms usually desired, by a factor of perhaps 4 or 5. This impedance can 
be increased by shortening the driven element and then placing an induc- 
tive stub in parallel with the input terminals, as explained in Art. 2. 
Another method makes use of a folded dipole as the driven element. A 
folded dipole 1s a center-fed half-wave antenna with another half-wave 
antenna close to it and jomed to the first at the ends, as indicated in Fig. 
33. The folded dipole behaves as two parallel dipoles carrying equal 
currents in the same phase with simular reference directions. Because the 
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voltage at the ends of the two dipoles is held the same by the end connec- 
tions, the distribution of voltage along the two antennas is the same. 
Since the dipoles are alike, equal currents accompany the equal voltages. 
If the average power inputs to simple and folded dipoles are compared 
under the condition of equal magnitudes of input current, the power input 
to the folded dipole exceeds that to simple dipole by a factor very nearly 
to4. Thus a folded dipole has an 
input resistance of approximately 
four times that of the simple dipole. 
13. Antennas with Parabolic Re- 
fiectors. ‘The directional charac- 
teristics of antennas are closely re- 
lated to the shape of the constant- 
phase surfaces in the electric-field patterns near the antennas. If all the 
elements of a large broadside array are excited in phase, the phase of the 
electric-field intensity is nearly the same at all points in a plane a short 
distance in front of the array. Thus a plane constant-phase surface 1s 
created having dimensions comparable to the dimensions of the array. 
The directivity of the array in a given plane depends upon the dimension 
(relative to a wavelength) of the array in 
that plane (see Art. 10); consequently the 
directivity may be considered to depend upon | 
the dimensions in wavelengths of the plane | 8" ‘\ 
constant-phase surface. er) < ca 
| 
Any antenna that produces a plane 
constant-phase surface of the same dimen- 
sions as the constant-phase surface of the 
broadside array has essentially the same 
directivity as the array. In the microwave ote te 
region, a plane constant-phase surface may 
be produced simply by placing a parabolic —,...7., 
reflector behind a single dipole. Tice 3h. Die foreniiues 
Two geometrical properties of parabolas tating the geometric properties 
are important for demonstrating the oe 
existence of a constant-phase surface. First, a parabola is by 
definition the locus of points which are as far from a fixed pomt called the 
focus as from a fixed line called the directrix. Thus m Fig. 34, lengths 
AA’ and AF are equal, BB’ and BF are equal, and so on. Second, a hne 
drawn tangent to a parabola at any poimt (such as pomt 6 in Fig. 34) 
makes equal angles with a line drawn from this pomt back to the focus 
and a line drawn from this point parallel to the axis of the parabola. 
When a point source of radiation ts placed at the focus, energy is emitted 





Fic. 33. Folded dipole. 
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In Various directions. ‘This energy strikes the parabolic surface at points 
such as A, By, and C and is reflected in a direction parallel to the axis 
beeause of the seeond property. The first: property predicts that the 
phase change oceurring between the focus and points A’, BY, and C” on 
surface SS’ is the same for each ray of the emitted wave, the phase change 
being equal to the distance, in eleetrical degrees, from the directrix to the 
surface SS’ plus 180 dee, due to the phase reversal upon refleetion. — Phus 
the field refleeted from the parabola has the same phase at all points ina 
plane across the mouth of the parabola. Phe field radiated forward by 
the point source tends to upset this constiant-phase surface, but. this 
effect is usually minimized through the use of sources which radiate 
appreciably only toward the reflector. 





(A) PARABOLIC CYLINDER (B) PARABOLOID (GC) TRUNCATED (0) ORANGE-PEEL 
PARABOLOID PARABOLOID 


kic. 85. Trvpical parabolic reflectors. 


Four forms of parabolic reflectors often used m radar are illustrated in 
Fig. 35. he parabolic cylinder of Fig. 354A 1s illuminated by a row of 
small antennas along its focal line. Thus directivity in a plane containing 
the focal line 1s obtained because of the leneth of the illuminating source, 
as in a broadside array. Ditrectivity in a plane perpendicular to the focal 
line results from the parabolic shape of the reflector. Each paraboloid is 
illuminated by an approximate point source at its focus, and directivity in 
any plane results from the shape of the reflector. The reflectors are usu- 
ally fabricated from solid or perforated sheet metal with appropriate 
metal support or are made as a screen of properly shaped rods or bars. 
The screen has the advantages and polarization bmitations mentioned mn 
Art. 9. 

Consider first the radiation pattern of the parabohe cylinder shown in 
Fig. 36. The parabolic cylinder is Nluminated by a line of half-wave 
antennas which are fed in phase with equal currents and backed by a hne 
of parasitic reflectors spaced about a quarter wavelength from the driven 
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antennas. ‘he focal line of the cylinder coincides with the center of 
Ulumination-—the line midway between the driven antennas and the 
parasitic antennas. 

The uniformity of dlumination in the magnetic plane (the yz plane in 
big. 36) depends upon the angle a The radiation pattern of the illumi- 
nating array is determined by the factor Gi?" (see Fig. 19). Calculation 
shows that, for @ = 45°, the intensity of the field radiated toward the 
edge of the reflector 1s 97.5 per cent of that radiated toward the center of 
the reflector. The dlumination of the constant-phase surface at the 
mouth of the parabola, however, is less uniform than the radiation pat- 
tern of the source. Energy radiated from the source in a small-angle 
wedge and reflected from the center of the parabolic cylinder is spread 
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Fic. 36. Parabolic cylinder illuminated by a row of half-wave antennas, each antenna 
backed by a parasitic reflector. 


over a smaller area of the constant-phase surface than is energy In a 
similar wedge reflected from a part of the cylinder near its edge. From 
the geometry of the parabola, this effect alone can be shown to reduce the 
electric-field intensity at the edge of the constant-phase surface to 85 
per cent of its value at the center. The supports and feed line for the 
illuminating array have an additional effect upon the distribution of 
illumination; generally they tend to reduce the illumination at the center. 
For simphecity, uniform tumination in the magnetic plane is assumed in 
the present calculation. 

In the vz, or electric, plane the illumination of the parabolic evlinder is 
nearly uniform. The radiation pattern of the long line of dipoles is highly 
directive for points at large distances from the array; nevertheless, if the 
antennas of the feed are closely spaced, the near-by reflector is ulumi- 
nated almost uniformly, each antenna supplymeg most of the illumination 
for parts of the reflector near it. 

Thus the electric field has the same phase and nearly uniform amplitude 
over the entire plane surface across the mouth of the reflector. This 
surface may be regarded as a large number of small areas, all radiating 
independently. If the electric field in a small area of the constant-phase 
surface 1s 6, and the area is dA, the magnitude of the contribution made 
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by the small area at a large distance r from the area is approximately 


AS em — 


| 
D7 frugal ( -L COS 8) (28) 


Figure 3/ shows an element of the constant-phase surface (in the xy plane) 
and the angle 6, which is measured from a perpendicular to the constant- 
phase surface. The radiation from a small area is stmilar to that from a 
half-wave antenna; the former constant 60 is here replaced by 1/(2\), the 
lm bY Simdszl, and the /’o(@) factor by (1 + cos B). The pattern from a 
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Fie. 37. Element of a constant-phase surface which acts as an independent radiator and 
lavs down a field at a distant point. 


single small area is not the symmetrical doughnut shape obtained for the 
half-wave antenna but has the form of a surface generated by revolving 
Fig. 38 about the z axis. 

The rectangular constant-phase constant-amplitude surface of the 
parabolie evlinder 1s drawn in Fig. 39. To determine the pattern in the 
yz plane, this rectangular area 1s divided into N small strips parallel to 
the x axis, each of width D/N. The strips need not be subdivided into 
squares because all parts of any one strip are at the same distance from 
a remote point P in the ry plane. Each strip contributes a field at pornt 
P of peak value approximately equal to 
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where BD/N is the area of one strip, corresponding to dA in Eq. 28. An 
approximation is involved because the strip has a finite width. 
since all the strips radiate in phase and with equal strengths, the con- 
tribution from the whole area is an Ff factor times the contribution 
from one strip. ‘The Ff factor is the one which adds WN strips spaced 
= D/(NX) wavelengths between strips and may be obtained from Eq. 


Vig. 38. Plot of 1 + cos 8. The three-dimensional radiation pattern from a small area 
like that shown in Fig. 37 is obtained by revolving the curve about the z axis. 


23, p. 934, by substituting D/(N)) for n. If angles are measured in 
radians, the factor becomes 


sin & sin 8) 
. farD 
sin sin 3) 


The total field from the constant-phase surface is this factor times the 
contribution from one strip, or approximately 


Th (= sin 3) 
BD pea 
Dr Cin a (1 + cos Bp) = (30) 


. Mil) ot 
sin (a2 sin 3) 


To remove the approximation from Eqs. 29 and 30, NV is made to 
increase indefinitely, thus making the individual strips infinitely narrow. 
For such large values of V, the quantity (7D/N)) sin @ is very small, and 
the sine of this quantity is equal to the quantity itself. A cancellation of 
1/N in the numerator and denaminator of Eq. 30 is obtained, and the 
total field is _~ 
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where 


7 = sin B (32) 


The electric field has its maximum value &o,,,,.. When 6 1s zero and equals 
(1/2\r)SimJ3D & 2. The per-unit electric field then becomes 


Sam 1 + cos 8 (= ‘) (33) 
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Fig. 39. Constant-phase surface divided into strips which radiate independently. Strips 
are taken for pattern in yz plane. 

The first factor is the directivity of an infinitely narrow strip, and the 
second factor represents the additional directivity caused by the width of 
the constant-phase plane. In any radar antenna the first factor Is very 
nearly equal to unity over the range of @ where the principal lobes of the 
pattern occur. Thus the per-unit pattern has approximately the form 
of (sin x) x; this function is plotted in Fig. 40. 


PER —-UNIT 





Iic. 40. Curve of (sin 2x) /z. 


The use of Fig. 40 to obtain the pattern of a parabolic cylinder and the 
eeneral shape of the pattern obtained can both be illustrated by means of 
a numerical example. Suppose D = 8d. The function (sin x)/x has 
0.707 of its maximum value when + = 0.4437. For this value of 2, 
sin B = 0.443/8, according to Eq. 32. Hence 6 = 3.3°. HH the very 
small effect of the (1 + cos 8) /2 factor is neglected, the beam angle of this 
parabolic cylinder in the yz plane is therefore 6.6 deg. ‘The main lobe 
goes to zero When x = 7, and an increase mn x beyond produces a change 


in sign of Sem. This change in sign corresponds to a minor lobe. At 
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x = 27 another null occurs, and for 27 < x < 3x, another minor lobe 
appears. <A plot of the resulting pattern is given in Fig. 41. 

Note, from Fig. 40 and the definition of 7, that doubling D decreases 
the beam angle and increases the number of secondary lobes but does not 
change the maximum per-unit value of a given lobe. The decrease in 
beam angle as a result of an increase in the dimension D is analogous to 
the decrease of beam angle obtained by increasing the width of a broad- 
side array. 

The determination of the radiation pattern of the parabolic cylinder in 
the xz plane is accomplished by the same method as just outlined for the 
yz plane. Figure 40 applies with x taken to be (#B/n) sin £. 

In the preceding example, the illuminating source was assumed to be an 
ideal line source, yet a beam angle of over 6 deg was obtained. Note 
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Fig. 41. Radiation pattern in yz plane of parabolic cylinder with uniform illumination of 
constant-phase surface: D = 8X. 


that the beam angle of any parabolic antenna is greater than zero not 
because the illuminating source differs from the ideal line source (or point 
source for a paraboloid) but because the width (or diameter) of the reflector 
ws not extremely large compared with a wavelength. To be sure, actual 
sources are somewhat different from ideal line or point sources, but the 
effect of the difference is negligible. If radar antennas could be made 
with diameter-to-wavelength ratios of the same order of magnitude as those 
In optical systems, then the radar beams would have essentially zero width. 

In the constant-phase surface of the parabolic cylinder, all the strips 
were considered to be alike and to make equal contributions to the field at 
a distant point. This situation does not always occur with parabolic 
reflectors for two reasons: (1) he strips sometimes have unequal length, 
as they do in the circular opening of a paraboloid, and (2) the intensity 
Sim across the constant-phase surface may not be uniform. Nevertheless, 
the patterns can always be obtgined from curves resembling Fig. 40, 
plotted in terms of the same variable z. 

Curves that specify the radiation patterns of rectangular and circular 
apertures for two different illuminations of each are given in Fig. 42. 
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Curve A applies to a rectangular aperture with uniform illumination and 
is the (sin x), curve already discussed. Curve B is for a rectangular 
aperture with sinusoidal distribution of illumination over the constant- 
phase surface. Concentrating the illumination in the center causes an 
increase of beam angle and decrease of minor lobes. 

Curves C and PD for circular apertures may be used with full parab- 
oloids. Note that the greater width of the center strips of circular open- 
ings produces the same general effect on beam angle and minor lobes as 
does a greater illumination intensity at the center. 

Formulas that specify the approximate beam angeles of parabolic 
reflectors may be determined from the curves of Fig. 42 by finding the 

ralue of x for which &», decreases to 0.707 of its maximum value. For 
example: 

For a uniformly illuminated rectangular aperture (curve A): 

OLA 


Beam angle = 1) deg (34) 


For a uniformly illuminated circular aperture (curve C): 


Beam angle = sa deg Gis} 

For circular aperture with parabolie distribution of illumination (curve 
D): 

Beam angle = ks deg (36) 
These equations neglect the factor (1 + cos 8)/2 in Eq. 33; they are 
sufficiently accurate for most purposes if the beam angle obtained is less 
than 20 deg. 

14. Feeds for Parabolic Antennas. Antenna feeds, or sources of 
ilumination for parabolic reflectors, may emplov either coaxial lines or 
waveguides and may be classified as front or rear feeds. In a rear feed, 
the coaxial line or waveguide projects through the reflector, and some 
device is required at the end of the line or guide to direct energy back 
toward the reflector. In a front feed, the line or guide approaches the 
reflector from the front and ‘‘sprays”’ energy directly into the reflector. 
igure 43A illustrates a front feed; Figs. 43B and C show rear feeds. 

The feed must satisfy two requirements: (1) It must be shaped and 
located so as to illuminate the reflector in the correct manner. (2) 
It must terminate the coaxial hneor waveguide so that the standing-wave 
ratio 1s near unity in the line or guide. To satisfy the first requirement 
the feed must itself be a moderately directive antenna and must be 
located so that it does illuminate the entire reflecting surface with a 
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(A) FRONT WAVEGUIDE FEED 





{C) REAR COAXIAL-LINE FEEOS 
Fie. 43. Examples of antenna feeds. 
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reasonable degree of uniformity but does not spill too much of the energy 
over the edges of the reflector. To satisfy the second requirement, 
impedance-changing devices in or near the feed are required. 

The choice of the focal length of the parabolic reflector depends upon 
the illumination pattern of the feed. For example, consider a paraboloid 
of fixed mouth diameter. A short focal length may be used with the feed 
mounted inside a deep “dish,” or a long focal length may be employed 
with the feed placed far in front of a nearly flat reflector. A short focal 
length results in nonuniform illumination because of the directivity of 
the feed; in fact, 1f some types of feeds are located inside the mouth of 
the paraboloid, the outer edge of the reflector is illuminated by radia- 
tion of reversed phase. ‘Too short a focal length therefore diminishes 
the useful diameter of the paraboloid. A long focal length provides 
essentially uniform uUlumination of the reflector but also allows much 
of the radiation from the feed to escape reflection. In other words, 
the over-all beam angle of the main lobe decreases with increase of the 
focal length, but the gain decreases also, and side and back lobes caused 
by direct radiation from the feed increase. A _ practical compromise 
places the feed a little outside the mouth of the paraboloid. 

Adjustment of the focal length of the parabolic reflector does not allow 
independent control of the illumination in the horizontal and vertical 
planes. Reflectors hke those of Figs. 35C and D are used when a narrow 
beam in one plane and a wide beam in a perpendicular plane are desired. 
The beam angle of the feed must be large in the plane for which the antenna 
beam angle 7s small. This is necessary so that the reflector may be 
illuminated fairly uniformly across its wide dimension without excessive 
energy spilling over its edges in the narrow dimension. 

Coaxial-line Feeds. Figure 43C shows three typical rear feeds com- 
monly used with full paraboloids in 10-cm radar sets; note that each of 
the feeds includes a reflector. The parasitic reflector has been largely 
superseded by the plane disk reflector and the cylindrical reflector. The 
directivity of the feed is greatest in the electric plane, because in this 
plane the directivity of the antenna itself (Fo factor) augments the 
directivity of the antenna-reflector combination. Consequently, the 
illumination of the paraboloid is more nearly uniform in the magnetic 
plane, and if horizontal polarization is used, the beam angle of the antenna 
system is greater in the horizontal plane than in the vertical plane. In 
some applications this characteristic is not desirable, but horizontal 
polarization is nevertheless used for other reasons. The pattern in the 
magnetic plane is usually about that indicated by curve C in Fig. 42: 
the pattern im the electric plane is close to that specified by curve D. 

Iigure 44.4 shows a coaxial-line feed which provides conical scan when 
the feed system is rotated. The rotating system is perfectly balanced 
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mechanically. The half-wave antenna is the main radiating element, 
the disk minimizes direet, radiation forward, and the choke is intended to 
decouple the radiating clement from the outer surface of the feed line. 
A standing wave is set up on the outside of the coaxial line between the 
choke and the disk. As a result, two dipoles seem to be radiating— 
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(B) TWO-ANTENNA EQUIVALENT OF PART A 
Fic. 44. One form of antenna feed for producing conical scan. 


one polarized vertically and one horizontally, as shown in Fig. 448. 
The magnitude and phase of 72 with respect to 7; depend upon the position 
of the choke. In general the two currents have unequal magnitudes 
and are out of phase with each other. Also, when the reference direc- 
tions of current are as shown in Fig. 444, the component electric ficlds 
have the same reference direction at points of the parabolic surface below 
the axis and opposite reference directions at points above the axis. Thus 
the magnitudes and phases at points such as A and B in Fig. 44B are 
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different, and consequently the plane of the parabola opening is not a 
constant-phase surtace. 

The pattern can be determined by dividing the plane of the parabola 
opening into strips such that all points on one strip radiate in phase but 
the fields of the several strips are not in the same phase. ‘The resultant 
lobe is pulled toward the strips which are lagging in phase, as in arrays. 
The angle that the axis of the pattern makes with the axis of the parabola 
can be adjusted by varying the position of the choke. 

Front Waveguide Feeds. Figure 43A shows a front waveguide feed 
(called a nozzle feed) illuminating a truncated paraboloid with larger 
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Fic. 45. Radiation patterns from an open-end rectangular waveguide propagating a 
THi,o wave. 


diameter in the horizontal plane. This combination may be used when a 
highly directive beam in the horizontal plane is required. The radiation 
pattern at the mouth of the guide depends on the electric-field con- 
figuration at the guide opening. Normally the field configuration 1s 
that of a Tyo wave, as indicated in Fig. 454A. Because the electric- 
field variation is sinusoidal in the x direction, the primary radiation 
pattern in the vz plane may be determined by reference to curve Bb in 
Fig. 42. The (1 + cos @)/2 factor cannot be assumed equal to unity 
here because of the smallness of the aperture. In the yz plane, curve A 
in ig. 42 apples. Figure 458 shows the patterns of the feed in the xz 
and yz planes. Orienting the guide with the long dimension parallel to 
the short dimension of the reflector, as in Fig. 43A, provides nearly 
uniform illumination in the horizontal plane so that maximum directivity 
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is obtained. In the vertieal plane, the shorter refleetor dimension 
produces a larger over-all beam angle, and the directivity of the primary 
radiation prevents excessive loss of energy. 

A civeular waveguide propagating a 7/4... wave occasionally serves 
as a nozzle feed. The polarization of the waveguide field chosen depends 
upon the polarization of the antenna radiation desired, beeause there is 
essentially no difference between the primary directivity in the electric 
and magnetic planes (see ig. 46). 

The orange-peel paraboloid is shown with its feed in Fig. 47. Assume 
it to be operated with the longer dimension of the paraboloid vertical. 
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Fic. 46. Radiation pattern from an open-end circular waveguide propagating a TF4,1 
wave. 


The radiation pattern produced 1s highly directive in the vertical plane, 
and rather broad m the horizontal plane. The feed 1s a sectoral horn, 
formed by flaring the wide cross-sectional dimension of a rectangular 
waveguide (see Fig. 476). The horn is oriented to produce vertical 
polarization. The flare increases the directivity of the primary field- 
intensity pattern and reduces the amount of primary radiation that 
escapes reflection. 

As shown in Fig. 475, the constant-phase wavefront at the mouth of 
the horn is not plane, and therefore the pattern of the primary radiation 
in the horizontal plane cannot be determined from the curves of Tig. 42. 
The primary directivity in this plane depends on horn length and flare 
angle and is generally mcreased by an increase in horn leneth. The 
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over-all beam angle of the antenna in the horizontal plane is large, 
larger, in fact, than that of a truncated paraboloid of the same width and 
height and with the same feed. The directivity of the sectoral horn in 
the vertical plane is small and can be determined by the same method 
used for the rectangular waveguide nozzle. 

The length and flare angle of the sectoral horn not only control the 
directivity of the radiation which energizes the reflector but also affect 
the terminating impedance for the waveguide. Flaring the end of a 
waveguide to form a horn results in a gradual decrease in guide wave- 
length, so that the wavelength at the mouth.of the horn is nearly the 
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(A) PICTORIAL REPRESENTATION 
Fic. 47. Orange-peel parnboloid with sectoral horn feed. 


same as the wavelength in space. Also, the wave 1tmpedance at the 
mouth of the horn approaches the value of wave impedance in space. 
Therefore, if the horn radiates into space, it provides almost the proper 
termination for the waveguide. In the presence of a parabolic reflector, 
satisfactory termination may often be had by adjustment of the horn 
dimensions and the spacing between the horn and the reflector. Some- 
times additional 1mpedance-changing devices are necessary. 

Rear Waveguide Feeds. In Fig. 4856 the half-wave antenna 1s so 
placed that nearly all the energy from the waveguide is absorbed and 
reradiated by the antenna. Thus the paraboloid is illuminated by a 
radiation pattern determined primarily by the antenna and the plane 
reflector which is one-quarter wavelength from the antenna. 

A frequently used rear waveguide feed is the Cutler feed of Tig. 
48A. The waveguide is terminated in a box of either circular or rec- 
tangular cross section. The termination may be considered as two 
small waveguides formed by dividing the main waveguide into two 
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halves and bending each half through 180 deg. The open ends, or 
slots, are a half wavelength apart and radiate toward the parabolic 
reflector. Figures 48B and C illustrate the construction of the ter- 
nunation and distribution of the field in the vicinity of the slots. Since 
the width of each slot is small compared with a wavelength, the primary 
radiation pattern m the eleetric plane is given by the 2% factor, except 
for the effect of the waveguide. The primary pattern in the anenanit 
plane depends upon the length of the slots and may be determined 
approximately from curve 6 in lig. 42: for the usual slot lengths there 
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(A) PICTORIAL REPRESENTATION (C) TOP VIEW OF FEED 
Fic. 48. Circular paraboloid with Cutler feed. 


is not an important difference in the over-all beam angle of the antenna 
system m the two planes. 

Because the slots are located a half-wavelength apart, the shorter 
cross-sectional dimension of the waveguide must be very small where the 
guide joins the termination. ‘To connect this section of guide to the 
main waveguide, a tapered section is used so as to avoid the mismatch 
that would be caused by a sudden change in the b dimension. ‘Tapering 
the guide in the 6 dimension does not affect the wave impedance of the 
guide; the actual matching of the terminating cavity to the guide is 
accomplished by adjusting the screw shown in Fig. 48C. 

15. The Cosecant-squared Antenna. Because of the variety of the 
applications of radar, widely different requirements must be met by 
different antennas. Antennas designed to produce special polarization 
effects or pattern shapes may differ greatly from those already described. 
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An example of an antenna having a special pattern shape is the cose- 
cant-squared antenna of Fig. 49. The top of the nearly paraboloidal 
reflector is bent forward to produce the special pattern. The name 
‘“oosecant-squared’”’ arises because the power-density pattern varies 
(within physical limitations) as the square of the cosecant of the angle 
@ in Fig. 498. Correspondingly, the field-intensity pattern varies as 
the cosecant of @. The ideal shape of the field-intensity pattern 1s 
shown in Fig. 49C, together with the actual pattern obtained. The 
purpose of this pattern is to allow an air-borne radar system to lay 
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Fig. 49. The cosecant-squared antenna. 


down a uniform electric field intensity along a line on the earth’s surface 
such as line 4B in Fig. 49B. The field intensity at a point on this line 
is given by 


” 
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where K is a constant, r is the slant range to the point, and csc @ 1s a 
factor that describes the vertical-plane radiation pattern. Since r 
varies as esc @ (see Fig. 498) the field intensity &@, 1s a constant along 
the line 4B. Because the same antenna is used for transmitting and 
receiving, equal indications are obtained on a range trace from simular 
targets at different ranges. This same type of antenna is also used (in 
an inverted position) on land-based and shipboard systems for obtaining 
equal indications from aircraft*at, equal altitudes but different ranges. 


™~N 


CHAPTER RLY 
PROPAGATION 


The performanee of practically every type of radar system ts modrfied 
to some degree by the effects of the surface of the earth on the radiation 
characteristies of the antenna and by the effeets of both the surface and 
atmosphere of the earth on the propagation of radio waves between the 
radar set and the target. The influence of the earth and tts atmosphere 
on radar-svstem performance is discussed briefly in this chapter. ! 

Land-based and shipboard equipments used for long-range search are 
most subject to the effects of the earth and its atmosphere because, at 
ranges greater than 100 miles, all targets appear at angles of clevation of 3 
deg or less. The radiated energy must therefore travel close to the sur- 
face of the earth. On the other hand, gun-laying radar systems for 
heavy-caliber antiaircraft guns sometimes operate almost independently 
of the surface of the earth, particularly if the angle of elevation of high- 
altitude targets is larger than the radar beam angle when the targets 
come Within gun range. 

When radio waves are radiated at small angles of elevation, some of 
the waves strike the earth and are reflected. A portion of the reflected 
energy reaches the target along with waves which travel directly from 
the radar set to the target. Asa result, the field intensity at the target 
differs from the field intensity in the absence of reflections, and the actual 
radiation pattern of the antenna differs from the free-space radiation 
pattern. The exact nature of these differences depends primarily upon 
the effective height of the center of the antenna above the reflecting 
surface and upon the roughness of surface and its conductivity and 
dielectric properties. The polarization of the radiated waves usually 
has a lesser eitect. 

Since high-frequency radio energy usually propagates along an approxi- 
mately straight-line path, the curvature of the earth results in a horizon 
or line-of-sight hmitation on maximum detection range. However, under 
certain weather conditions, abnormal refraction or bending of the path of 
propagation is caused by the atmosphere through which the energy 
travels, and the normal line-of-sight range is greatly exceeded. ‘The 


1 For an extensive treatment of the subject of propagation at radar frequencies, 
see DoxaLp E. Kerr, Propagation of Short Radio Waves (McGraw-Hill Book Com- 
pany, Inc., New York, 1951). 
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effectiveness of land-based stations or shipboard equipment operating 1n 
the vicinity of land is influenced also by irregularities in the nearby ter- 
rain. A hill or mountain may act as a screen which prevents radar detec- 
tion of targets beyond the obstruction. 

1. Components of Radiation. To determine the radiation charac- 
teristics of an antenna located near the surface of the earth, it 1s con- 
venient to divide the radiation into two parts: the ground wave and the 
sky wave, or tonosphere wave. The ground wave 1s further divided into a 
direct wave, earth-reflected wave, and a surface wave. Figure | shows the 
path of propagation of each of these components of radiation from a non- 
directional antenna to a point ? in space. 
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Fic. 1. Components of radiation. 


The ground wave remains near the surface of the earth in traveling from 
the antenna to point P. The sky wave reaches pomt P after reflection 
from the ionosphere. Although important m many communication 
systems, the sky wave need not be considered in most radar applications 
because wavelengtlis shorter than about 4 m are not returned to the earth 
from the ionosphere. The components of the ground wave therefore 
make up the total signal reaching a target from a radar antenna. 

The direct wave travels a nearly straight path from the antenna to 
pomt P. The reflected wave is reflected from the earth in such a way as 
to reach point P. Energy radiated from the nondirectional antenna of 
Fig. 1 strikes the earth at all points between the base of the antenna and 
the horizon, but only that ray which leaves the antenna in the direction 
shown reaches the point P. >. ° 

The surface wave, which is the third component of the ground wave, is 
a wave diffracted around the surface of the earth or guided by the ground- 
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ur interface. ‘This component is important at broadcast frequencies, 
but at radar frequencies the surface wave is very rapidly attenuated, and 
at a distance of | mile from the antenna it has an amplitude of only a 
traction of a per cent of the direet wave. This component must be con- 
sidered in blind-landing systems in which ranges of less than a mile are 
Important. 

2. Reflection from a Perfectly Conducting Plane. Rigorous calcula- 
tions for determining the radiation pattern of an antenna operating above 
the surface of the earth are complicated and Jaborious. Approximate 
results may be obtained by first considering the earth to be a perfeetly 
conducting plane surface. Then the results of the simplified ealeulations 
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Tre. 2. Antenna above a perfectly conducting plane. 
can be modified to include the effects of the finite conductivity and curva- 
ture of the earth, as well as atmospheric refraction. 

Reflections from a perfectly conducting plane have been considered in 
the preceding chapter in connection with metal and screen reflectors for 
antenna arrays. The radiation pattern for an antenna and a reflecting 
screen is calculated by replacing the screen with an mage antenna and 
by considering the real antenna and Hs image as a two-element array. 
The resultant pattern is represented by a G factor if the real antenna is 
parallel to the screen, since the image must be energized 180 deg out of 
phase with the original antenna to take into account the phase reversal at 
the reflecting screen. If the real antenna is perpendicular to the screen, 
no phase reversal occurs at the reflecting surface; hence the equivalent 
Image is in phase with the-real antenna, and the resulting pattern is 
represented by an F factor. Use of the F and G factors to obtain the 
radiation pattern of an antenna in the presence of a perfectly conducting 
plane earth is the same as the use of these factors to obtain the radiation 
pattern of an array with a reflecting screen, except that the spacing 
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between driven elements and the reflecting screen of an antenna array 1s 
usually a quarter wavelength or less while the spacing between an antenna 
array and the earth is usually many wavelengths. 

Let the peak value of the free-space, vertical-plane radiation pattern of 
the real antenna in Fig. 2 be represented by &/s = (G0Im/r)F'a, where igs 
the product of all / and G factors that contribute to the formation of the 
free-space pattern and J,, is the peak current in each element of the array. 
Then, in the presence of the earth, the pattern includes another factor 
which accounts for the contribution of the reflected ray or its equivalent, 
the image antenna. 
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(A) G FACTOR INTRODUCED BY REFLECTION (8) VERTICAL-PLANE RADIATION PATTERN 
Fic. 3. Reflection of horizontally polarized waves from a perfectly conducting plane. 


For a horizontally polarized antenna the complete vertical-plane pat- 
tern is represented by Gen = (60Jm/r)PeGy,C"™. For a vertically polar- 
ized real antenna the complete vertical-plane pattern 1s 


Som = (60Ln/r) Fg 2m 


The free-space pattern usually has a single major lobe and secondary 
lobes of negligible significance. Tor large values of hi/A, both the # and 
G factors for earth reflection have a large number of nulls and therefore a 
large number of very narrow lobes, all of which have the same amplitude. 
A typical G factor is plotted in Fig. 3A. The product of the free-space 
pattern and the reflection factor is a pattern which has the same general 
outline as the free-space pattern but with the major lobe broken up into a 
large number of very sharp lobes, as indicated in Fig. 3B. 

The G factor for horizontal polarization always produces a null in the 
field intensity along the surface oftthe reflector. The F factor for vertical 
polarization produces a maximum field intensity at the surface of the 
reflector. Accordingly, vertical polarization would seem to be superior to 
horizontal polarization for detection of surface targets and low-flying atr- 
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craft. However, when the curvature and finite conductivity of the earth 
are taken into account, this apparent advantage disappears (see Art. 3 
and 5). 
The horizontal-plane radiation pattern in the presenee of the earth is 
the same as the free-space pattern and is not considered in this discussion. 
The calculations necessary for a complete tabulation of the / and G 
factors for large values of hy/d are tedious beeause of the numerous lobes in 
the patterns. To obtain approximate results by graphical multipheation 
of patterns, 1t 1s sufheient to determine the angles of elevation at which 
maxima and mmima oeecur. As shown in Fig. 2, the difference in path 
leneth of the diveet and refleeted (or image) rays is 2/, sin 6B. For 
horizontal polarization the real and image antennas are 180 deg out of 
phase: hence, if the path difference 1s 
2hy sin B = 


nr i 
Z (1) 
there are maxima in the pattern for all odd-integral values of 2 and 
nunima for even-integral values of mn. Ifor vertical polarization the con- 
ditions for maxima and minima are reversed. ‘lo determine the angles 
at which maxima and minima ocew, first solve iq. 1 for sin 6 and obtain 


(2) 


At long ranges the elevation angles of aircraft targets are only a few 
degrees, and since the sine of a small angle is approximately equal to the 
angle in radians, 


oo ea radians (3) 
1 
or 
er ene 
a 7 14.3 deg (4) 


The factor for reflections produces many maxima and minima within 
a small vertical angle. For example, if hy = 10A, Eq. 4 shows that the 
first maximum obtained with horizontal polarization occurs at an angle of 
elevation of 1.438 deg. As /,/\ increases, the angle at which the first 
maximum occurs decreases and the number of maxima and minima within 
a given vertical angle increases. If the complete pattern 1s desired, 1t can 
be sketched by recalling that the beam angle of an antenna lobe measured 
between half-power poimts 1s approximately half of the angle between 
nulls. 

The patterns in Fig. 3 are drawn for hi/A = 2.4, which fixes the angle 
of elevation of the lowest lobe at about 6 deg. All the lobes of the G 
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factor introduced by reflections have a maximum value equal to 2. The 
maximum values of the lobes in the antenna radiation pattern follow ¢ 
contour similar to the free-space pattern itself, and the lowest lobe has a 
maximum value nearly twice as large as the maximum value of the main 
lobe in the free-space pattern. In practice antenna heights are much 
ereater, and as a result, there are many more lobes in the pattern and the 
lowest lobes occur at much smaller angles. At the very small angles of 
elevation which are important for long-range search radar, the free-space 
pattern of the antenna has a negligible effect on the shape of the resultant 
vertical-plane pattern. 

3. Reflection Coefficients. Reflection from either a perfectly con- 
ducting surface or from the earth can be expressed in terms of a reflection 
coefficient T which is the ratio of the reflected field intensity to the 
incident field intensity. This quantity is analogous to the reflection 
coefficient associated with traveling waves on transmission lines. 

For a perfectly conducting surface, there is no absorption loss in the 
reflecting surface; hence the magnitude of the reflected field intensity 1s 
equal to the magnitude of the incident field intensity, and the reflection 
coefficient has a magnitude of one. For horizontal polarization there 1s a 
phase reversal at the surface, so that T, = |Taie% = e180 For vertical 
polarization there is no phase reversal at the reflecting surface; hence 
faa bees — eo. 

For many long-range-search radar installations, the reflecting surface 
is the sea; hence the reflection coefficient of sea water at radar frequencies 
is important. This coefficient has been calculated and checked experi- 
mentally, and calculated and experimental results have been found to 
agree quite closely provided the sea is smooth. For a sea of appreciable 
roughness, reflections are likely to be very irregular and to fluctuate 
rapidly with time, particularly at extremely short wavelengths. ‘The 
effect of roughness is also more noticeable with horizontal polarization 
than with vertical polarization. 

Figure 4 shows the variation of magnitude and phase angle of the 
reflection coefficient T = |I'|e* of a smooth sea with changes in angle of 
incidence 6 for both horizontal and vertical polarization. Observe that, 
for horizontally polarized radio waves in the frequency range from 100 to 
3,000 Meps, the reflection coefficient of smooth sea water is very nearly 
the same as the reflection coefficient for a perfect conductor. For 
vertical polarization there is a significant difference between the reflection 
coefficient for sea water and for a perfect conductor. In fact, sea water 
acts more nearly like a dielectric. *’ At the angle for which |I,| is a mini- 
mum, there is maximum transmission of energy into the surface. 

Figure 5 compares the reflection patterns obtained for horizontal and 
vertical polarizations, assuming a smooth-plane reflecting surface of sea 
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water, a frequency of 3,000 Meps, an antenna height hy = 14.3, and a 
nondirectional antenna. For convenience in plotting, angles have been 
multiphed by a factor of 5, so that. 5 deg on the figure represents | deg in 
space. 

There is a null along the surface for both horizontal and vertical polar- 
ization, since d, as Well as @, Is 180 deg at grazing angle of incidence. As 
the angle of meidenee ts mereased, the angles at which maxima and 
nunima oeeur in the vertical polarization pattern deviate from those for 
horizontal polarization, since ¢@, deviates from 180 deg. 
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Fic. 4. Variation of magnitude and phase angle of reflection coefficient |je7? of a smooth 
sea for angles of incidence 6 from 0 to 10 deg. [Adapted from ‘‘ Relation of Radar Range 
to Frequency and Polarization,” Radiation Laboratory Report C-G6 (M.I.7., Cambridge, Mass., 
1942), with permission. | 


For horizontal polarization, the electric-field intensity at the maxima of 
the lobes is nearly twice the free-space field intensity, because |Pa} =~ 1.0. 
For vertical polarization the deviation from the free-space field intensity 
is small at relatively large angles of incidence, because |I,| 1s small. For 
example, the lobes in the vicinity of 5 deg have maximum amplitudes of 
1.98 and 1.2 for horizontal and vertical polarization, respectively. 

4. Effect of Earth Reflections on Range. ‘lhe maximum range at 
which a given target can be detected by a radar set is greater in the 
presence of sea reflections than it is in free space, provided the target 1s 
located at a point where the direct and reflected waves are in phase. <A 
radar set operating in free space produces a field intensity at the target 
equal to k’/r, where 7 is the range to the target. The reflection from the 
target produces a field intensity at the radar receiver equal to k/r*?, where 
kis a new constant of proportionality which includes /’ (see Art. 5, Chap. 
I). Maximum range 7maz corresponds to the minimum detectable signal 
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In the presence of sea reflections and with the same target at free-space 
maximum range, the field intensity at the target is nearly 2h’/r,,, for 
horizontal polarization, provided the target is located at a point where 
direct and reflected waves are in phase. ‘The echo signal returning to the 
radar receiver comprises a direct wave and a reflected wave, each of which 
produces a field intensity at the radar recerver of 2//r,.x.7. The direct 
and reflected waves arrive at the receiver in phase, because they follow 
the identical paths taken by the transmitted signal. ‘Therefore, the total 
field intensity at the receiver is 44/r,,..”, Which is four times the mintmum 
detectable field intensity. The maximum range at which a target can be 
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Iie. 5. Effect of polarization on the vertical-plane radiation pattern of a nondirectional 
3,000-Mcps antenna located 14.3 above a smooth-pluane reflecting surface of sea water. 


detected is twice the maximum free-space range, because at a range 
2rmax the field intensity returned to the receiver is 4h/4raas? = //?max’. 
Thus the presence of sea reflections approximately doubles maximum 
detection range and hence is equivalent to a sixteentold or 12-db increase 
in transmitted power. 

At points where direct and reflected waves arrive at the target out 
of phase, the detection range is less than in free space; hence there are 
gaps or blind spots between the lobes of the vertical-plane pattern. 

Since maximum range is proportional to field intensity at the tar- 
get, 1t is evident from Fig. 5 that, for a smooth surface, horizontal 
polarization yields greater maxittum ranges than vertical polarization 
but that the gaps between lobes are more pronounced. However, the 
advantage in range of detection outweighs the disadvantage of the gaps. 
For most microwave systems, /,/\ 1s large and the lobes are so closely 
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spaced that the pattern can be considered continuous. At frequencies 
of 100 or 200 Meps, the lobes are ordinarily widely spaced. Two antenna 
systems may then be used having values of h1/\ so chosen that the lobes 
of one occur at the gaps of the other. 

5. Divergence. he results obtained for reflection from a plane sur- 
face indicate, In a general way, the effect. of a reflecting earth on the 
vertical-plane radiation pattern of an antenna. These results are 
modified by the curvature of the earth as a result of the divergence, or 
spreading, of the rays when they are reflected from a curved surface. 
Because divergence is the result) of the spherical shape of the earth, 
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Fie. 6. Divergence caused by a curved surface. 


it affects horizontally and vertically polarized waves equally. The 
effect is greatest for grazing angles of incidence and least for rays incident 
normal to the surface. 

The divergence of rays after reflection from a curved surface is illus- 
trated in Fig. 6, where the effects of a plane surface and of a curved surface 
on a bundle of rays in a plane radio wave are compared for high and low 
angles of meidence. The beam incident on the plane surface has the 
sume power density as the beam incident on the curved surface. 

lor the plane surface the reflected beam has the same cross-sectional 
area as the incident beam, since angles of incidence and reflection are 
equal. Also, the reflected power density is the same as the incident 
power density. For the curved surface, the cross section of the reflected 
beam 1s larger than that of the incident beam. Thus the power density 
is smaller after reflection. The divergence is greatest for grazing angles 
of incidence because a beam of given cross section impinges on a greater 
area of the curved surface. In the calculations for vertical-plane 
radiation patterns over a curved surface such as the sea, the effects of 
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divergence are included by a divergence factor’ which varies between 
zero at grazing incidence and unity at normal incidence. The zero 
value occurs at grazing incidence because, as shown in Fig. 7, all reflected 
waves strike the earth between the radar set and the radar horizon and 
none reach the target. Within a very small angle above the line of 
sight, the value of the divergence factor mses to about 0.5 and then 
rises slowly toward 1.0 as normal angles of incidence are approached. 
At very small angles above the line of sight, the divergence factor con- 
trols the magnitudes of the lobes in the vertical-plane radiation pattern, 
whereas at large angles, the free-space pattern of the antenna determines 
the size of the lobes. 

6. Standard Atmospheric Refraction. In the preceding articles, the 
medium through which the radio waves are propagated 1s assumed to be 
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lig. 7. Target on radar line of sight. 


uniform; that is, the medium is considered to have a constant index of 
refraction or dielectric constant so that velocity of propagation Is constant 
and the rays are straight lines. In the atmosphere of the earth, the 
temperature, partial pressure of the dry air, and the water-vapor content 
normally deerease with increasing altitude, and therefore the index of 
refraction decreases with altitude. The velocity of propagation of elec- 
tromagnetic waves varies inversely with the index of refraction of the 
medium: hence the radio waves move slightly more rapidly in the upper 
atmosphere than they do close to the surface of the earth, and the result 
is a downward bending of the rays or paths of propagation, as shown in 
Wives. 

In the presence of standard refraction, the curvature of the rays 1s less 
than the curvature of the earth, and a radar horizon exists beyond the 
optical horizon, as indicated in Fig. 8. Standard refraction 1s assumed 
to occur when the index of refraction decreases uniformly at the rate of 

1See F. KE. Terman, advo ee nGers' Handbook, 691, 692 (MeGraw-Hill Book 
Company, Inc., New York, 19-43). 
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1.2 X 107% per foot increase in altitude. Beeause of the linear decrease of 
the index of refraction with increase in altitude, the velocity of propaga- 
tion increases linearly with altitude, and the ray paths are very nearly 
ares of cireles over the distances involved in radar detection. Sinee 
radiation patterns or coverage diagrams (see Art. 8) are more con- 
vemrently plotted for straight-line propagation, it is desirable to assume 


OPTICAL LINE OF 


SIGHT 
— 


TF ———_ - TT 
— 
ih i 
rh OPTICAL RADAR 
HORIZON HORIZON RADAR LINE 
OF SIGHT 
0 


a 


~\ 


Fic. S&S. Extension of radar horizon beyond optical horizon as the result of standard 
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hig. 9. Relationship between curved path of ray over actual earth and straight path of ray 
over earth of increased radius. 

a fictitious earth having a larger radius than that of the actual earth, so 
that a straight ray from the antenna is tangent to the fictitious earth at 
the radar horizon, as shown in Fig. 9B. 

For equivalence of results obtained with the fictitious earth of Pig. 96 
and the curved path and actual earth of Fig. 9.4, the height h of the ray 
above the earth must be the same in both figures for a given value of s. 
From the right triangle in Fig. 9B, the following relationship 1s obtained: 


s? + (kr)? = (h + kr)? = h? + Qhkr, + (kre)? (5) 
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In Eq. 5, h? is negligible relative to 2hkr., and therefore the equation 


reduces to 
a= 2 (6) 


ae : = 
i > oe) S i) 


In a similar way the right triangles in Fig. 94 yield the relations: 


left 
i 5 (2) ae and i 5 (+) S2 (8) 


where r, is the radius of the curved path of the wave. ‘Therefore in 


Fig. 9A, 
Lf ON 2 
h=h hadi -4)¢ (9) 


Comparison of Eqs. 7 and 9 shows that Figs. 9A and B are equivalent, 
provided k is chosen to make 


‘Thus 


Severe (10) 


that is, to make the curvature of the fictitious earth equal the difference 
between the curvatures of the actual earth and of the path of the ray. 

The quantity kr, is called the effective radius of the earth. For standard 
refraction 7, = 4r. and hence k = 4%. For nonstandard conditions the 
value of k may vary from 1.1 to1.6ormore. The smaller values are more 
likely to exist in cold, dry climates or at great heights, whereas the larger 
values occur more frequently in tropical, humid climates. Local weather 
conditions may produce much greater variations in the value of hf. 
Figure 10 is obtained when the rays in Fig. 8 are replotted as straight 
lines over an earth of radius 487. 

Standard refraction is usually assumed in determining approximately 
the limiting detection range imposed by the radar horizon. If the height 
of the radar antenna is h, and the altitude of the target 1s h;, as indicated 
in Fig. 9B, Eq. 6 may be used to show that the limiting range is 


PS 8,4 Sh = Where Pow Zhe (11) 


To make this equation more convenient to use, 7 may be expressed in 
miles and h in feet, and numerical values may be inserted for k and r.. 
The mean radius of the earth is 3,960 miles, and when k = 44, kr. = 5,280 
miles. Since there are 5,280 ft in 4 mile, the numerical constants cancel, 
and 


r= JV 2h, + VY 2h miles (12) 


where h, and /h; are in fect. 
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7. Vertical-coverage Diagrams. Comparison of detection ranges is 
facthtated by converting vertieal-plane radiation patterns to vertical- 
coverage diagrams. A vertical-plane radiation pattern usually represents 
a plot of measurements or calculations of field intensity versus a variable 
angle for a fixed distance between transmitter and reeeiver.  Mathe- 
matically, the radiation pattern is a plot of S6,, = (ry rl (p) for a fixed 
value of r. ‘The faetor (8) ineludes all the variable factors for the free- 
space pattern as well as the factor for sea reflection, and fy 1s the ampli- 
tude constant. If this equation is solved for r and &a,, is held constant. 
the result sr = (hy Sen) (8). VPhis equation represents a constant-field- 
intensity contour and has exaetly the same form as the radiation pattern, 
since the variable factor (8) 1s the same. 
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Fie. 10. Straight-line radar propagation over a fictitious earth of radius 44re. 


For a radar set which employs a single antenna system, the received 
field intensity &,, 18 


i iho 


r- 





hry y ho 9 
Bim = — F(B) X 2 F(8) = 2 FOP (13) 


since the directivity of the radiation system, which ineludes the antenna 


and the earth, affects both the outgoing and the echo signals. If Eq. 13 is 
solved for 7, the result is 


(etre (14) 


T= 





and if this equation is used to plot r as a function of 6 for &m equal to 
the minimum detectable field intensity, the resulting curve is a vertical- 
coverage diagram. Any target inside the lobes of this pattern is detectable 
by the radar set, but targets outside of the lobes are not detectable. Note 
that the vertical-coverage diagram has the shape of the factor F(8), which 
1s the same as the shape of the one-way radiation pattern or the constant- 
field-intensity contour. 
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To convert a radiation pattern to a vertical-coverage diagram, it 1s only 
necessary to adjust the scale of the plot in order to make the calculated 
pattern fit the performance of the radar set. This correlation is usually 
accomplished by making observations on the radar indicator of a target 
plane flying specified courses. This technique, called calibration, 1s 
particularly important in checking uhf radar systems for blind spots or 
gaps in the coverage patterns. The calibration procedure also shows up 
the effects of irregularities in the terrain or of reflecting objects near the 
radar antenna or of any other factors which cannot be included in the 
calculation of vertical-coverage diagrams. Vertical-coverage disgrams 
are usually drawn to a mixed scale with range measured in miles and 
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Fr¢. 11. Diagram for calculation of coverage over a curved earth. 


altitude measured in feet (see Fig. 12). With some of the early types of 
radar sets, the coverage diagrams are used to determine the approximate 
altitude of a target by noting the range of first detection and the ranges 
of successive fade and redetection points as the target passes through the 
lobes of the pattern. 

The curved-earth geometry involved in the calculation of the form of 
the vertical-coverage diagram is shown in Fig. 11. Standard refraction 
is assumed; hence the radius of the earth is multiplied by the factor 43. 
The radar line of sight is drawn, and the relative field intensity is caleu- 
lated for each target position above the line of sight. The calculations 
for any one point involve several steps. The reflection point P must be 
located so that angles of incidence and reflection are equal for the reflected 
ray. <A tangent line is drawn at P, and from the heights A,’ and h,’, the 
difference in path lengths for direct and reflected rays may be deter- 
mined. From this difference and from a knowledge of the reflection 
coefhcrent and divergence factor fox the angle of incidence involved, the 
total field at the target is obtained: Although the method as outlined is 
relatively simple, the calculations are laborious. Charts and formulas 
for use in making coverage diagrams have been published. 
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Vertical-coverage diagrams, calculated and measured. 


2 


Fie. 1 


Q7 4 PROPAGATION (Coap. XIV 


‘Typical radar-coverage diagrams are shown in Fig. 12. These are 
drawn for standard refraction and therefore do not give the true coverage 
under nonstandard conditions. Also, they do not include the decrease in 
detection range caused by interfering signals, such as sea return or ground 
clutter. The irregularities in the reflecting terrain which cause sea return 
or ground clutter also introduce multiple reflection points which tend to 
make the lobe structure less pronounced. This effect is equivalent to a 
decrease in the effective magnitude of the reflection coefficient and is more 
pronounced for microwave radar than for uhf radar. 

8. Nonstandard Refraction. Vertical-coverage diagrams serve only 
as a basis for estimating the average performance to be expected of a 
radar set. Variations in atmospheric conditions affect the amount of 
refraction of the radar waves and modify the radar coverage. When 
atmospheric refraction is greater than standard, the rays more nearly 
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TEMPERATURE MOISTURE CONTENT 
I'ta@. 13. Profiles of temperature and moisture content of the atmosphere. 


follow the earth and detection ranges on low-flying or surface targets 
are markedly increased. When refraction is less than standard, the rays 
follow more nearly straight lines and maximum detection ranges are 
reduced. 

Under conditions of standard refraction, the temperature and moisture 
content of the air decrease relatively slowly from the surface of the earth 
to altitudes of several thousand feet. The straight-line profiles in Fig. 13 
represent typical variations of temperature and moisture content of the 
atmosphere with height above the earth for standard refraction. One of 
the conditions which tends to bring about abnormal refraction results 
from the passage of warm, dry air over a cool body of water. Evapora- 
tion of water from the surface produces a concentration of moisture and a 
decrease in temperature near the surface. This increased moisture lapse! 
and the accompanying tempcratuxe inversion are shown in Iig. 13 by 

: > 

''The lapse of a quantity x is itefined as —dx/dh, where h denotes height. Thus 
fam increase in moisture lapse means a more rapid decrease in moisture content with 
height. 
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dashed lines. When these conditions exist, the atmospheric refraction 
Is mereased. 

The temperature-moisture variations shown in Fig. 13 may extend from 
the surface to a height of only a few feet or to a height of a few hundred 
feet. When the temperature inversion and moisture lapse are very pro- 
nounced, the curvature of the rays may be equal to, or even greater than, 


a 





Fig. 14. Surface trapping resulting from nonstandard refraction. 





Fic. 15. Increased low-angle and surface coverage caused by surface trapping of energy. 


the curvature of the earth; hence some of the energy is trapped and tends 
to follow the surface of the earth, as shown in Fig. 14. Only the rays 
which leave the antenna at angles within about a degree of the horizontal 
direction are affected. High-angle radiation 1s not bent sufficiently to be 
trapped. 

The effect of this trapping on the radar-coverage pattern is to extend 
the lobe or lobes which he within the region in which the energy is trapped, 
as shown in Fig. 15. 

There are, of course, many variations in the effects on propagation pro- 
duced by nonstandard refraction. Extensive studies have been made in 
an attempt to relate weather conditions to radar performance, but at 
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present no reliable method is available for accurately predicting radar 
performance under widely varying conditions. Only rough estimates of 
performance are possible under a few rather idealized nonstandard 
conditions. ! 

9. Atmospheric Reflections. When a radar antenna is in the normal 
search position, atmospheric disturbances such as rain, storms, moisture- 
laden clouds, or cold fronts may be detected to ranges of 150 miles or 
more. These echoes tend to have a more fuzzy appearance than do nor- 
mal radar echoes. <A weather disturbance that gives a radar echo can be 
tracked to determine its direction of motion and speed, so that the nature 
of the disturbances can be fairly definitely established. Thus radar is of 
assistance in weather forecasting. In connection with meteorological 
observations, radar is also used to track balloons and so to determine local 
wind velocity at various altitudes. In this application, as in other track- 
ing problems, radar excels optical methods in that greater ranges are 
obtainable and tracking can be accomplished at any time of day or night 
and under any visibility conditions, provided the echoes from an atmos- 
pheric disturbance do not mask the echo from the object being tracked. 

Some evidence also exists of echoes being received from the atmosphere 
in absence of precipitation. The origin of these echoes, often referred to 
as ‘‘angels,” is not completely understood. Conceivably such signals 
might arise from the presence of birds, from swarms of insects, or perhaps 
from irregularities in the refractive index. 

10. Character of Radar Echoes. In the preceding article, it was men- 
tioned that echoes from atmospheric disturbances are not so sharplv 
defined as echoes from other objects. This is to be expected, since the 
outline of a cloud or storm is itself not so sharply defined as that of an an- 
craft, a ship, or a strip of land. However, even the latter objects do not 
reflect a steady signal. 

One method used in studying the character of radar echoes employs 
high-speed photography. Photographs of an indicator screen are made 
with a high-speed motion camera, the camera and the radar transmitter 
being synchronized so that each range trace appears on a separate frame. 
The pictures may be viewed individually or projected at a slow speed, and 
thus rapid variations of intensity may be followed. 

A summary of the results of such studies of radar echoes is as follows: 

1. The most rapid random variations of all occur in storms. ‘The 
appearance of storm echoes on the indicator is similar to the appearance 


of receiver noise. 
\. 

1 For a summary of the problems involved in forecasting radar performance, see 
‘Variations in Radar Coverage,” JANP 101, (Joint Communications Board, Washing- 
ton, D.C., 1945); and ‘‘Weather Forecasting for Radar Operations,’ Weather Divi- 
sion Report No. 614 (Headquarters Army Air Forces, March, 1944). 
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2. Random variations also occur from sea return, which is the name 
given to the echoes obtained from the surface of the sea. Sinee this return 
consists of the echoes from countless individual sources, the positions of 
which are continually changing, the random nature of this tvpe of echo is 
understandable. 

3. The amplitude of the echo signal from an aircraft fluetuates vio- 
lently and rapidly beeause the aspect of the aircraft relative to the radar 
set is continually changing snd because much of the return comes from the 
rotating propellers. Superimposed on the rapid variations are somewhat 
slower variations due to the lobe structure of the vertical-coverage pattern 
of the radar set. 

+. ‘The echo from a ship fluctuates much less rapidly than that from an 
airplane, since both the aspect of the ship and the range change slowly. 

d. The echo from a rocky land mass is fairly steady, but the echo from 
a wooded terrain fluctuates considerably. The amount and rate of 
fluetuation of the echo from wooded terrain are related to wind velocity 
and radar wavelength. 

6. A single isolated object, such as a tower, produces a fairly steady Sig- 
nal, but a shght motion of the target causes some variation in signal 
strength, particularly with microwave radar. If propagation takes place 
over water, the tides may cause a slow regular variation in echo signals. 
At long ranges, variations in atmospheric refraction also produce changes 
in echo-signal strength. 
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electron gun, 222 

Cathode-return circuit, 716 

Cavity resonators (see Resonators) 

Characteristic resistance, 142, 471 

Choke, r-f, 809, 851 

Choke joints, 809-812 

Clampers, 82-85, 302 

Clipping circuits, 54-66 
with amplifiers, 56 
with cathode followers, 61 
with diodes, 54 

Coaxial cables, properties of, 544 

Complex numbers, 349 

Conical scan, 30, 952 

Coupling circuits, 79-82, 131 

Coupling loops, 669, 674 

Coupling probes, 668, 682 

Coupling reactance, 646 

Coverage diagrams, 971-974. 

Crystal mixers (see Mixers) 

Crystal shutters, 858 

Crystals, silicon, 37, 371-376 

cartridges, 372 
spreading resistance of, 373 
type numbers, 376 
Current density, linear, 548 
Cutler feed, 956 


D 


Decibel, 396 
Decouphng filters, 73-75 
Delay line, 150 
Detectors, 432-441 
diode, 432 
triode and pentode, 439-441 
infinite-impedance, 440 
Dielectric constant, 534 
Differentiating circuit (see Peakers) 
Diode, gas, 167 5 
pick-off, 86 


INDEX 


D-c restorers (clampers), 82-85, 302 

D-c servo motor, 309 

Directional couplers, 810, 834-839 

Discriminator, 453 

Disk-seal triodes, 35, 699 

Divergence, 967 

Dots, significance of, on diagrains, 56, 
124 

Duplexer, 10 

Duty ratio, definition of, 4 


i; 


luarth reflections, effect on range, 965— 
007 
Echo box, 26, 805, S90 
ringing time, 892 
lichoes, radar, character of, 976 
Klectric-field intensity, 532 
lectric flux, 532 
lec tric-flux density, 532 
Klectrical-zero autotransformer, 298 
Klectromagnetic waves, basic concepts 
of, D947 
plane transverse, reflection of, nor- 
mal, 556 
oblique, 560 
polarization of, 555 
types of, 554-556 
Electron gun, 216, 222 
Exponential function, 68 


F 


F factors, 918, 924-929, 962 

Faraday's law, 535 

Feedback, negative, in servomechanism, 
329 

Feeds, antenna (see Antenna feeds) 

Filters, decoupling, 73-75 

Fluorescent screens, 220, 224 

Fourler analysis, 341 

Frequency bands, radar, 33 


G 


G factors, 922, 929-933, 962 


, Grid loading, 367-371 


Grid-return circuits, analysis of, 716-720 
Ground wave, 960 
Group velocity, 577 


INDEX 


H 


Horizou, radar, 968 
Hunting i servomechanisms, 325 
tIvbrd junetrons, 825-834, 883 


Image-frequeney response of receivers, 
398 
lmpedancee-changing 
601-608, 831, 855 
bandwidth of, 530 
(See also 
pedance) 
Indieators, 16, 215 276 
(See also Cathode-ray tubes; Sweep- 
cilrrent 
eircuits) 
Induced grid noise, 3888 
Induction motor, two-phase, 319, 322 
Inductors, saturable-core, 168 
Instantaneous automatic gain control, 
463 
Inverse-fourth-power law, 21 
Irises, 601, 604-608, 810, S56 


deviees, 523-530, 


Irises: Transformers, inm- 


elIrcuits: Sweep-voltage 


a 
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Junetions, hvbrid, 825-834, 883 
nragie-T, 531-534 
waveguide-to-coaxtal line, 684 


- 


Ix 


Kk band, 33 
Keep-alive electrode in t-r tubes, 858 
Ixeeper, 805 
Klvstrons, 37, 745-783 
reflex, 750 
Applegate diagrain for, 751 
bunching in, 75] 
characteristics, 753, 755-760 
hysteresis and load effects, 76] 
tuning, 760 
types, 753 
voltage modes, 753 < 
two-resonator, 745-750 
Applegate diagram for, 747 
bunching in, 747 
drift space, 746 
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L band, 33 
Lead networks, 331-336 
Lighthouse-tube oscillator, 722-874 
Lighthouse tubes, 699, $72 
(See also Disk-senl triodes) 
Line stretcher, 853 
Linear current density, 548 
Lobe switching, 30 
Lobes, antenna, 11, 947 
Local osetlators, 36, 48, 340, 699, 745, 
874, 878 
(See also Wlystrons; Tubes, ultrahigh- 
frequency ) 
Loop coupling, 669, 674 
Loran, 46 


M 


Magic T, 531-534 
Magnetie-field intensity, 535 
Magnetic-flux density, 535 
Magnetron characteristics, 781-792 
mode-line diagram, 782 
mode shift, 791 
niode skip, 791 
Magnetron resonators, 769-776 
methods of strapping, 774 
mode number, 770 
modes, 770-773 
(See also Magnetron characteristics) 
Magnetron spectra, examples of, 805 
Magnetrons, 35, 763-805 
construction, 763-765 
electron motion in, 776-781 
bunching, 779-781 
phase-focusing effect, 781 
frequency pulling, 802 
frequency sphtting, S02, 804 
operation and care, 803-805 
performance charts, 792-795 
pulling figure, 799 
Rieke diagrams, 795-799 
rising-sun, 768 
straps, 764 
(See also Magnetron resonators) 
type numbers, 765-769 
Master-oseillator radar system, 50 
Mateling devices (see Impedance-chang- 
ing devices; Transmission lines) 


YS2 


Matching posts, 601, 602 
Miller effect, 230 
Mixers, balaneed, 871-886 
conversion loss i, 445 
crystal, 441-449 
single-ended, 876-88] 
vacuum-tube, 449-452 
eonversion transconductance of, 451 
Modulator driver circuits, 200-214 
bootstrap, 200 
delay-line controlled, 209 
line-controlled blocking-oscillator, 204 
shorted-end line, 210 
Modulators, 153-214 
blocking-oscillator, 214 
driver-power-amplifier, 186-214 
drivers (see Modulator driver cir- 
cults) 
line-pulsing, 169-186 
charging methods for, 170-176 
pulse-forming networks for, 160-166 
rotary-spark-gap, 176 
with saturable-core reactor, 183 
switching devices, 166-169 
types of, 153 
Motors, 309-312, 319 
d-c servo, 309 
two-phase induction, 319, 322 
Multivibrators, classification of, 92 
free-running, 92-97 
one-cycle, 97-104 
cathode-coupled, 99 
plate-coupled, 97 


N 


Neper, definition of, 514 
Networks, pulse-forming (see 
forming networks) 
resonant modes of, 613 
Noise, 16, 376-396 
antenna, 383 
characteristics of, 376-379 
crystal, 384-386 
interception, 391 
in linear passive cireuits, 379 
In receivers, 376 
shot-effeet, 385 
thermal agitation, 384-386 7 
vacuum-tube, 384-386 = 
white, 38] 


Pulse- 


INDEX 


Noise figure, 392 
Noise resistance, equivalent, 389 
Noise-temperature ratio, 385 
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O 


Open-end line, charging of, 154-158 
pulse formation by discharge of, 158 
Oscillations, parasitic, 709 
in servomechanisms, 324-328 
Oscillators, 184, 204, 248, 697-744 
blocking, 134-138, 204 
Colpitts, 707 
crystal-controlled, 248-252 
high-frequency triode, 697-744 
grid-return, 720-724 
loading, 724-727, 734-737 
multitube, 712 
output circuits for, 727-734 
plate-return, 709 
pulse, 740-744 
ring, 713 
self-pulsed, 739-741 
tubes for, 698 
ultra-audion, 706-709 


P 


Parabolic reflectors, 943 
Parasitic oscillations, 709 
Parasitic suppressors, 709 
Peakers, &-C, 75-79 
R-L-C, 122 
Permittivity, 533 
Phantastron delay circuit, 104-110 
Phase constant, 474 
Phase-inverter circuits, 234-239 
Phase-sensitive rectifiers, 312-316 
keyed, 315 
with load, in cathode circuit, 314 
in plate circuit, 312 
using diodes, 315 
Phase velocity, 577 
Phosphors, 220, 224 225 
Plan-position indication, 12 
Plan-position indicator, fixed-coil, 271, 
302-305 
rotary-coil, 267 
Plate resistance, diode, 55 
triode, 60, 61 
Plate-return circuit, 716 


INDEN 


Polarization of electromagnetic waves, 
Posts, matching, 601, 602 
Potentiometer, tapered, 267 
Poynting weetor, 553 
Pre-t-r tube, S6S 
Presentation tivpes, 226 
Probe coupling, 668, 682 
Propagation, 959-977 
over earth, 965 
factors influencing, 959 
line-of-sight, 959 
over sea water, 964 
Propagation constant, S518 
Pulling figure, magnetron, 799 
Pulse formation, by discharge of open- 
end line, 158 
by shorted-end line, 159 
Pulse-forming networks, 160-169 
characteristics of loads for, 164 
switching devices for discharging, 166 
Pulse repetition frequency, 3 
Pulse transformers (see Transformers) 
Pulses, carrier-frequency, reproduction 
Ol f209 
sine-wave components of, 346 
video, frequeneyv spectrum of, 344 
reproduction of, 356 
sine-wave components of, 343 


Q 


(Q (quality factor), 116, 617, 624, 661 
loaded, 661 
of parallel R-L-C eircuit, 116 
unloaded, 661 


i 


R-C eircuits, 66-114 
effect of tube and wiring capacitances 
in, 110 
sine-wave response of, 349-352 
transients in, 67 
R-C peakers, 75-79 
R-L circuits, 114 
R-L-C circuits, 114-152, 352-3560 
parallel, 115, 352 
damping in, 119 
resonant frequency of, 116 
sine-wave response of, 352 


983 
R-L-C circuits, parallel, transients in, 115 
series, 117 
R-L-C peakers, 122 
Radar, advantages of, 1 
definition of, | 
himitations, 23 
pulsed, basic principles of, 3 
Radar bands, designations of, 33 
Radar echoes, 976 
Radar equipment, types of, 39 
Radar frequeneies, 32 
Radar horizon, 968 
Radar range, cffeet of earth reflections 
on, OD 
Radar-range equation, 18 
Radar set, block diagram of, 46 
Radiation, components of, 960 
R-f choke, 809, 851 
(See also Choke joints) 
R-f envelope indicator, 804 
R-f londs, 845-847 
R-f system components, 806-810 
R-f transmission lines (see Transmission 
lines) 
R-f transmitting and receiving systeins, 
806-894 
Range, determimation of, 2 
Range accuracy, 28 
Range-herght indication, 227 
Range-marker eircult, 123 
Range-step generator, 86-92 
Range-time conversion factors, 6 
Receiver frequencies and bandwidths, 396 
Recerver protective device, 10 
Receivers, 48, 338-467, 871 
block diagrams, 339 
component circuits of, 401-467 
anti-interference, 461-467 
automatic frequency control, 49 
(See also Amplifiers; Detectors; 
Mixers) 
general principles of, 338 
image-frequency response of, 398 
ultrahigh-frequeney, input circurts of, 
871-876 
Reference directions, explanation of, 56 
Reflection, law of, 560 
from a perfectly conducting plane, 961 
Reflection coefficient, of sea water, 965 
transmission-line, 486, 495 
graphical determination of, 493 
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Reflections, atmospheric, 976 
earth, effect of, on radar range, 965-967 
Refraction, nonstandard atmospheric, 
74 
standard, 968 
Resolution, angular, 10, 15 
range, 26 
Resonant lines and cavities, 613-696 
Resonators, 35 
cavity, 35, 625 
circular-cylinder, 637 
re-entrant, 636 
coaxlal-line, 633 
coupling devices, 668-670 
one-entry, 639 
coupling to, 645 
rectangular-waveguide, 628 
transmission-line, 619-625, 649 
coupling to, 654 
two-entry, 665 
Right-hand-screw rule, 536 
Ringing circult, 120 
for Type J presentation, 244-248 
Rotary joints, 809, 812-816 


S 


S band, 33 
Saturable-core inductors, 168 
Saw-tooth generator, 69 
Screws, matching, 602 
Self-svuchronous radar system, 50 
Sensitivity-time control, 465 
Servo motor, d-c, 309 
Servo systems, components of, 306 
Servo using Ward Leonard control syvs- 
tem, 308 

Servomechanisms, 305-337 

antihunt devices for, 328 

appheations of, 336 

hunting in, 325 

lead networks for, 331 

motor, 322 

negative feedback in, 329 

oscillations in, Sustamed, 325 

transient, 324 

using two-phase induction motor, 322 
signal bias, 82-85 
Signal integration, +67 
Signal-to-noise ratio, 18 
Sine-wave analysis, 341 
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Skin depth, 540 
Skin effect, 539 
Sky wave, 960 
Smith chart, 500 
Spectrum analyzer, 681, 805, 893 
Standing-wave indicators, 886-889 
Standing-wave ratio, 489 
Stub supports, coaxial line, 820-823 
Sweep circuits, 227-276 
bootstrap, 231 
delayed and expanded, 239 
feedback-amplifier, 262 
Sweep-current circuits, 252-276 
Sweep-voltage circuits, 227-252 
methods of improving linearity of, 229 
Synchro, 277-305 
applications of, 300 
designations of, 295 
differential, 292 
oseillution dampers for, 288 
Synchro capacitors, 296 
Synchro control transformer, 289 
Synchro generator, 277, 280 
electrical zero of, 282 
Synchro motor, operation of, 277, 284 
Svnchro systems, geared, 298 
Synchronizing voltage, 6 


L 


T junctions, 818-825 
coaxial-line, 672, 820 
§-plane, 823-825 
-plane, 823-825 
T kyo wave, 570 
characteristic wave impedance of, 598 
eulde wavelength, 574 
pictorial representation of, 573 
Temperature inversion, 974 
Test equipment, r-f, 886—-89-4 
Thvratrons, argon, 168 
hydrogen, 168 
Tinre constant, 68 
Timing circuits, 54-152 
Tracking, types of, 43 
Transformers, balanced-to-unbalanced, 
849-85 1 
ideal), 125 
Impedance, 523-530, 855, 856 
double-stub, 525-528, 855 
quarter-wave, 528-530, 856 


INDEX 


impedance, 
§207=525, S55 
pulse, 123 
with bifilar winding, 179 
as coupling devices, 131 
equivalent eimeiits of, 12-4 
resonant, 666 
Transit-time effeets, 869 
Transnussion-line charts, 499-505 
Transmiussion-line parameters, 531 -5-44 


Transformers, single-stirh, 


Transmiussion-line resonators (see Resonua- 
tors, transmussion-line) 
Transmission lines, 46 
artificial, 139, 140 
apphieations of, 150 
cutoff frequency, 140 
traveling waves on, 139 
Commies 3", 469983. 538, 54)y 542 
parallel-strip, 547, 550-552 
parallel-wire, 34, 534, 539, 541, 542 
r-f, 468-5-44 
characteristic resistanee, 471, 541 
efheieney, 520 
Impedance-changing devices, 
528 
Input admittance, 505 
Input mmpedance, 482, 495, 521 
losses and attenuation, 514 
operation of, 506 
power and power eapacity, 510-514 
standing waves on, 479 
switching operations, 143 
transient and. steady-state opera- 
tion, 506 
tvpes, 495, 521 
terminated by resonators, 658 
traveling waves on, 471 
T-r (transmit-receive) device, 10 
T-r tubes, 857-860, 871 
T-r systems, ultrahigh-frequeney, 860- 
S6 
coaxial line microwave, 863-866 
waveguide, 866-871 
Transmitters (see Magnetrons; Oscilla- 
tors) 
Transponders, 45 
Trapezoidal generator, 258 
Tubes, linear equivalent circurts for, 364 
microwave local-oscillator, 753 
power-amplifier, for modulators, 196 
ultrahigh-frequeney, 697-703 
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Type A indicator, basic cireuit of, 227 
Type A presentation, 12 
(See also Presentation, types of) 
Type B presentation, 12 
azimuth-sweep ciremit for, 265 
Type J presentation, 242 
erystal-controlled oscillator for, 248 
ringing eireat for, 244 
Type P presentation, 12 


V 


Video amplifiers (see Amplifiers) 
Video pulses, amplification of, 404 


a 


Waveguides, 35, 545-612 
appheations of, 545 
cireular, 608-612 
eorners, 809, 817 
fields for frequencies below cutoff, 591 
impedances, 596, 599 
rectangular, 570 
attenuation constant, 585 
dimenstons of, 590, 591 
dominant wave, 545, 590 
(See also Tl*;,9 wave) 
group velocity, 577 
higher order wave types, 587 
impedance-changming devices, 
608 
phase velocity, 577 
power and attenuation mm, 580 
twists, S09, 818 
Wavelength, 474 
Wavemeters, 677, 889 
one-entry, 678 
two-entry, 680 
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aCe oes 

ie 
Yagi antenna, 941 
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z-plane circle diagram, 503 
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